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What, then, shall we say about the receipts of Alchemy, and about the diversity of its vessels 
and instruments? These are furnaces, glasses, jars, waters, oils, limes, sulphurs, salts, salt-
petres, alums, vitriols, chrysocollae, copper-greens, atraments, auri-pigments, fel vitri, ceruse, 
red earth, thucia, wax, lutum sapientiae, pounded glass, verdigris, soot, crocus of Mars, 
soap, crystal, arsenic, antimony, minium, elixir, lazarium, gold-leaf, salt-nitre, sal ammoniac, 
calamine stone, magnesia, bolus armenus, and many other things. Moreover, concerning 
preparations, putrefactions, digestions, probations, solutions, cementings, filtrations, 
reverberations, calcinations, graduations, rectifications, amalgamations, purgations, etc., 
with these alchemical books are crammed. Then, again, concerning herbs, roots, seeds, woods, 
stones, animals worms, bone dust, snail shells, other shells, and pitch. 
“Coelum Philosophorum”, Paracelsus, 1531
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Preface
There are thousands of man-made compounds in the environment and thousands 
of new compounds are produced every year. Many of these compounds enter the global 
ecosystem.
Man-made chemicals are being regulated by legal frameworks, such as the Toxic 
Substances Control Act (TSCA) Chemical Substance Inventory, in the United States 
Environmental Protection Agency (US-EPA)1. In Europe the European Chemical Agency 
(ECHA) looks after existing chemicals used in industry in the European Union (EU) 
through the REACH (Registration, Evaluation Authorisation and Restriction of Chemicals) 
program2.  However, in addition to man-made chemicals there are many hazardous 
chemicals around us which occur in nature or are unintentionally produced by humans. 
Examples of unintentionally produced chemicals are the polychlorinated dibenzo-p-
dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs). These extremely toxic 
compounds have never been deliberately produced by man but they are formed primarily 
at elevated temperatures in waste incinerators. Examples of toxic compounds that occur 
in nature are a suite of toxins such as cyanotoxins produced during algal blooms, venom 
secretions produced by animals and plant toxins. Polycyclic aromatic hydrocarbons (PAHs) 
are toxic (i.a. carcinogenic) compounds that occur naturally. They may also be produced 
unintentionally; i.e. during combustion of fossil fuels.
My research concerns the development of analytical methods and approaches in 
analysis of PAHs and a suite of related polyaromatic compounds (PACs), like substituted 
PAHs or heterocyclic polyaromatic compounds. Many PACs show potential toxicological 
and/or environmental risks but they are not subjected to any health or environmental 
regulation and they are not included in risk assessment studies3. Several studies based 
on the Effect Directed Analysis (EDA) approach have shown that the toxicity of an 
environmental sample cannot be fully explained by the presence of target priority 
pollutants and in many cases non-priority pollutants, often unknown compounds and 
compounds of natural origin, are the major contributors to the measured toxicity 4–9. 
At the moment, in spite of sophisticated instrumentation, we are not able to measure 
all the compounds present in a complex environmental sample, and even if we could, we 
still would not be able to totally explain its toxicity. That is caused by interactions between 
compounds, through which toxicity of mixtures is not always simply additive, but can 
also be synergistic or antagonistic. However, proper toxicological risk assessment requires 
obtaining an as complete as possible “chemical picture” of environmental samples. This can 
be achieved only by continuous development of analytical methods and comprehensive 
analytical and toxicological approaches. 
10   |   
Abbreviations
AhR – aryl hydrocarbon receptor 
CECs – contaminants of emerging concern 
CR – crumb rubber 
ECD – electron capture detector
EDA – effect directed analysis 
ELT – end-of-life tyres 
EPA – Environmental Protection Agency
EROD – ethoxyresorufin-O-deethylase
FAO – Food and Agriculture Organization of the United Nations
FID – flame ionization detector 
GC – gas chromatography 
GCxGC – two-dimensional gas chromatography
HRMS – high resolution mass spectroscopy
IARC – International Agency for Research on Cancer
IL – ionic liquids 
JECFA – Joint FAO/WHO Expert Committee on Food Additives
LC – liquid chromatography 
LOD – limit of detection
LOQ – limit of quantification
LRMS – low resolution mass spectroscopy
MBA – methylated benzo[a]anthracene
MC – methylated chrysene
MS – mass spectroscopy
MW – molecular weight
NIH – National Institutes of Health
NIST – National Institute of Standards and Technology
NSO-HET –heterocyclic aromatic compounds containing nitrogen, sulphur or oxygen
NSO-PACs – a subclass of PACs containing in the molecule one or more nitrogen, sulphur 
or oxygen atoms
PACs – polyaromatic compounds 
PAHs - polycyclic aromatic hydrocarbons 
PANHs – polycyclic aromatic nitrogen heterocycles 
PAOHs – polycyclic aromatic oxygen heterocycles 
PASHs – polycyclic aromatic sulphur heterocycles 
PBDEs – polybrominated diphenyl ethers 
PCBs – polychlorinated biphenyls 
PCDDs – polychlorinated dibenzo-p-dioxins
PCDFs – polychlorinated dibenzofurans 
   |   11 
PFAS – perfluorinated alkylated substances 
PFCs – perfluorinated chemicals 
SIM – selected ion monitoring
TIC – total ion current 
ToF-MS – time of flight mass spectroscopy
UCM – unresolved complex mixture
WEEE – waste electrical and electronic equipment




14   |   Chapter 1
1
General introduction   |   15 
Background – PACs in the environment
Polycyclic aromatic compounds (PACs) are compounds composed of fused aromatic 
rings. They include thousands of chemicals with very different physico-chemical properties. 
Polycyclic aromatic hydrocarbons (PAHs), the most extensively studied subclass of PACs, 
are homocyclic compounds consisting only of carbon and hydrogen atoms. These non-
polar, lipophilic substances are ubiquitously present around us. They always have been 
a part of the earth environment and, therefore, the human environment, and they are 
considered to be the most widespread class of organic compounds in the universe10. 
PAHs originate from natural and anthropogenic sources. The influence of 
anthropogenic sources massively increased with the beginning of the Industrial 
Revolution, because of human activities connected to various industrial processes like 
coke and steel production and the combustion of fossil fuels in traffic. Natural sources 
include forest fires, volcanic eruptions, diagenesis and biogenic processes. We can 
identify two main sources of PAHs: pyrogenic and petrogenic (biogenic PAHs make 
very small contribution). Pyrogenic PAHs, resulting from the incomplete combustion 
of organic matter, are rich in compounds consisting of 4 or more rings. These PAHs are 
frequently released into the environment via the atmosphere (e.g. manufactured gas 
plants, car exhaust, etc.), where they can associate with aerosols, which then settle into 
aquatic and terrestrial environments. Petrogenic PAHs are produced geologically when 
organic sediments are chemically transformed into fossil fuels such as oil, coal, organic 
shales and tar deposits. The group of petrogenic PAHs is rich in alkylated PAHs and in 
parental PAHs consisting of 2 to 4 rings. Alkylated PAHs together with sulphur-containing 
alkylated dibenzothiophenes are commonly used in forensic research to trace pollution 
sources and as weathering indicators for petroleum and coal tar in the environment. 
This hydrocarbon fingerprinting played a major role in environmental assessments in oil 
spill disasters like the Exxon Valdez Oil Spill in 198911 and the Gulf War Oil Spill in 199112. 
Although for a very long time the environmental analysis has been concentrated on 
the unsubstituted (parental) PAHs, the environment and particularly polluted sites are rich 
in countless other PACs, present as complex mixtures. Different heteroatomic aromatic 
compounds like halogen-substituted PAHs or NSO-PACs; a subclass of PACs containing 
in the molecule one or more nitrogen, sulphur or oxygen atoms, are ubiquitously 
present in the environment. The group of NSO-PACs (a subclass of PACs containing in 
the molecule one or more nitrogen, sulphur or oxygen atoms) include substituted PAHs 
(e.g. nitro-PAHs, hydroxy-PAHs, amino-PAHs) and NSO-heterocyclic aromatic compounds 
(NSO-HET) containing one or more nitrogen, sulphur or oxygen atoms in the aromatic 
ring: Polycyclic Aromatic Nitrogen Heterocycles (PANHs), Polycyclic Aromatic Sulphur 
Heterocycles (PASHs) and Polycyclic Aromatic Oxygen Heterocycles (PAOHs). The correct 
PACs’ nomenclature was discussed by Andersson13 and examples of NSO-PAC compounds 
are presented in Figure 1.
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NSO-PACs have been recognized in various studies as contaminants of emerging 
concern6,8,9,14–17. The knowledge of NSO-PACs and other non-priority PACs is limited 
and scattered, although in the last two decades these compounds have received more 
attention7,18,27,28,19–26. They are not subjected to any regulatory criteria or maximum 
tolerance levels, though many of them are suspected carcinogens29. The environmental 
and toxicological focus on ‘priority PAHs’ (mostly confined to 16 US-EPA PAHs) still 
disregards other PACs, such as alkylated PAHs or more polar NSO-heterocycles and NSO-
substituted PAHs. These PACs are, like unsubstituted parental PAHs, ubiquitously present 
in the environment and they originate from natural/anthropogenic and pyrogenic/
petrogenic sources. 
Not only alkylated PAHs and dibenzothiophenes (PASHs) are characteristic for 
fossil fuels, but many different NSO-heterocycles originate from petrogenic sources 
like petroleum coke, oil sands, creosote and coal tar21,23,24. The recent study of Chibwe 
at al.27 proposed to use alkylated carbazoles, benzocarbazoles and indenoquinolines as 
indicators to trace petrogenic pollution sources. Bowman et al.30, in the study of coal-tar 
based pavement sealcoat products, developed a methodology to trace sources pf PAHs 
based on relative abundance of NSO-PACs and alkylated PAHs.
Oxygenated PAHs and PAOHs are often considered dead-end products resulting 
from different biodegradation processes17. PAOHs and PANHs (e.g. xanthenes and aza-
arenes) are produced for manufacture of dyes, pigments, pharmaceuticals and pesticides. 
Most nitro-PAHs present in the environment are formed through two distinct pathways: 
in combustion processes and through atmospheric reactions of PAHs and nitrogen 
oxides31,32. Halogenated PAHs enter the environment mainly as by-products formed 
during combustion processes in metallurgical industry, cement kiln production or waste 
incineration33,34. 
Several distinct groups of PACs have been detected in soils23,35, sediments36, 
wastewater25, atmospheric particulate matter37,38 and road dust39,40. Heterocyclic or NSO-
substituted PAHs are more polar than unsubstituted or alkylated PAHs and, therefore, 
their environmental mobility is higher. The hydrophilicity of the substituted PAHs is 
increasing in the order: NO2 < COOH < OH < CN < NH2 < dione
15, what involves increasing 
aquatic solubility and aquatic bioavailability. Substitution of a carbon atom by a nitrogen 
or oxygen in NO-heterocycles substantially increases the polarity and mobility of these 
compounds23–25,27. The polarity of sulphur heterocycles is relatively low in comparison to 
the NO-heterocycles with a related structure.
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Figure 1.  Examples of NSO-Polycyclic Aromatic Compounds (NSO-PACs).
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Toxicity
The first link between the toxic action of soot, resulting from the incomplete 
combustion of carbon-based fuel such as coal or wood, and carcinogenic effects was 
described by the English surgeon Percival Pot in 1775. He was the first medical doctor 
that linked chronic exposure to soot particles (PACs contained within soot were not yet 
discovered) and the occurrence of scrotal cancer in chimney sweeps. His discovery led to 
the Chimney Sweepers Act in 1788, the first act in British Parliament trying to regulate 
child labour. In the early 1900s it was widely recognized that soot, coal tar and pitch are 
carcinogenic41 but it took more time before the first pure chemical carcinogen, benzo[a]
pyrene, was isolated from coal tar and identified in 1929 by Cook and co-workers42 in a 
study initiated by pathologist Ernest Kennaway in 192243,44. 
It took even more time before the link between smoking of tobacco and cancer was 
established. A first report of „chemical carcinogenesis” was published even earlier than 
the Pott’s work; the London surgeon John Hill wrote in 1761 the first clinical report linking 
snuff tobacco with cancer45. The first paper associating smoking of tobacco with lung 
cancer, based on broad clinical studies, was published only in 195046 and fourteen years 
later, in 1964,  “Smoking and Health: Report of the Advisory Committee to the Surgeon 
General of the United States” was published47. This study reported a causative link 
between smoking and 10-20-fold increase in the occurrence of lung cancer and identified 
several recognized carcinogenic PAHs and PANHs in the cigarette smoke: benzo[a]pyrene, 
dibenzo[a,i]pyrene, dibenzo[a,h]anthracene, benzo[c]phenanthrene, dibenzo[a,j]acridine 
and dibenzo[a,h]acridine.
Benzo[a]pyrene is considered an ultimate carcinogen on the basis of its mutagenic 
properties; two of its diol epoxides enantiomers can form a covalent DNA adduct (one of 
these enantiomers is an ultimate genotoxic compound: see Figure 2). This toxicological 
mechanism is mediated by activation of the aryl hydrocarbon receptor (AhR), which 
controls a battery of genes involved in PAH metabolism, such as cytochrome P4501A 
(CYP1A). CYP1A mono-oxygenase converts a lipophilic PAH molecule into a reactive 
electrophile (e.g. diol epoxide) that can be excreted from the cell but also can act as a DNA 
adduct48. In this carcinogenesis process a PAH molecule acts as an initiating carcinogenic 
agent via formation of diol epoxide-derived DNA adducts. PAHs with a bay region, sterically 
hindered bay region or fjord region (see Figure 2) are considered potent carcinogens. 
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Figure 2. (1) The most tumorigenic metabolite of benzo[a]pyrene: (+)-benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide. Polyaromatic hydrocarbons with structural features contributing 
to carcinogenicity: (2) benzo[a]pyrene with bay-region ‘B’,     
(3) 7,12-dimethylbenzo[a]anthracene with hindered bay region ‘H’, (4) dibenzo[a,l]pyrene 
with fjord-region ‘F’.
The toxicity based on metabolic activation followed by formation of genotoxic 
metabolites is the key toxicity linked to PAHs, although PAHs exert also other toxic effects 
like oxidative stress by increasing the formation of reactive oxygen species49. Another toxic 
mode of action of PAHs, characteristic for benthic organisms, is “non-polar narcosis”. This 
non-specific reversible toxicity is related to the hydrophobicity of PAHs and is mediated 
through partitioning into lipid bilayers50. Non-polar narcosis results in alternation of the 
cell membrane function, which in turn leads to mild toxic effects or dead (depending 
upon exposure).
The mechanism of carcinogenicity of NSO-PACs and alkylated PAHs may be similar to 
that of homocyclic PAHs, involving activation of AhR receptor and formation of genotoxic 
electrophilic metabolites51. Alkylated and NSO-substituted PAHs can be more toxic than 
the parental PAHs equivalents52,53. Oxy-PAHs show AhR activation4,8,54 but also genotoxic 
potencies55.  The presence of electronegative atoms can enable genotoxic carcinogenicity 
via direct DNA adducts formation and direct alteration of the genetic material55–57. Several 
aza-arenes and carbazoles have been classified by the International Agency for Research 
on Cancer  (IARC) as probably/possibly carcinogenic to humans (Group 2A and 2B)58. A 
broad range of toxic potentials of non-priority PACs identified in environment complex 
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Regulatory PAHs - short history of 16 EPA PAHs
Environmental analysis, aimed at the identification and quantification of hazardous 
substances present in the environment, has been based for more than forty years largely 
on the analysis of a limited group of so-called priority pollutants; a list of compounds 
subjected to the governmental regulations. The first specific list of priority pollutants; 
“Toxic Pollutants List” containing 126 (initially 129) compounds, was developed in 1976 
by the US-EPA and included in the Clean Water Act by US Congress in 197760. These toxic 
compounds were selected taking into account three prioritizing rules: 1) frequency of 
occurrence, 2) manufactured volumes and 3) the availability of the commercial standards. 
All was based on the state-of-the-art knowledge of 1976. The group of 16 PAHs (see Table 
1) was derived from this “Toxic Pollutant List” and citing L.H. Keith, who was one of the EPA 
scientists that were working at that time on selecting chemicals included in the list: “The 
selection of these 16 PAHs was the best that we could do based on what we knew then 
and the limited time that we had to make decisions”61. 
Undeniably, PAHs have a prominent position among the priority pollutants; they 
are often target compounds in risk assessment analyses of different environmental 
compartments and matrices: e.g. water, atmosphere, sediment, landfills, food, etc. 
The limitations of analytical studies to the 16 EPA PAHs analysis have been widely 
acknowledged15,62 and the list of target PAHs has been modified depending of the 
analysed matrices and purpose of the analysis. For example, a list of 34 PAHs (18 parental 
and 16 alkylated PAHs), has been recommended by the US EPA for toxicological screening 
of contaminated sediments50. In addition to the 16 traditional EPA PAHs, the list of 34 
PAHs includes perylene, benzo[e]pyrene and 16 C-1 to C-4 alkyl derivatives (see Table 1). 
In 2002, the toxicities of 33 PAHs were assessed by The European Scientific Committee 
on Food and 15 PAHs showed clear evidence of mutagenicity and genotoxicity. Fourteen 
of these 15 PAHs showed clear carcinogenic effects in various types of bioassays and in 
experimental animals63. Seven of these carcinogenic PAHs in the Scientific Committee on 
Food study are also included in the EPA set of 16 PAHs, with the additional seven being 
benzo[j]fluoranthene, cyclopenta[cd]pyrene, dibenzo[a,e]-, dibenzo[a,h]-, dibenzo[a,i]-, 
dibenzo[a,l]pyrene and 5-methylchrysene. In 2006, the Joint FAO/WHO Expert Committee 
on Food Additives (JECFA) concluded that benzo[c]fluorene is probably also carcinogenic 
and the levels of these 15+1 EU PAHs in foodstuffs have now been regulated by the 
European Union64.
Despite these developments, many environmental risk assessment studies remain 
restricted to the analysis of  16 EPA PAHs. The total PAH content is often presented as 
the sum of 16 EPA PAHs, ignoring the presence of non-priority parental PAHs, alkylated 
PAHs and heteroatomic-substituted PAHs. This oversimplification can be very misleading, 
for example in samples originating from petrogenic sources because of high content of 
alkylated PAHs and PASHs .
1
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Table 1. Lists of regulatory PAHs: *16 EPA PAHs, **34 PAHs Recommended for Analytical 
Measurement to Quantify “Total PAHs”, #15+1 PAHs for monitoring in food (EU, 2005), ##8 PAHs 
classified as carcinogens of category 1B.




















Benzo[a]anthracene x x x x
Chrysene x x x x
5-Methylchrysene x
C1-Benzo[a]anthracenes/Chrysenes x
Benzo[b]fluoranthene x x x x
Benzo[k]fluoranthene x x x x
Benzo[j]fluoranthene x x
Benzo[a]pyrene x x x x
Benzo[e]pyrene x x
Perylene x
Dibenzo[a,h]anthracene x x x x
Benzo[g,h,i]perylene x x x







The establishment of 16 EPA PAHs as standard priority contaminants in 1976 was a 
main driving force behind the development of analytical methods for the determination 
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of PACs. Laboratories worldwide were working on an analysis of an uniform group of 
pollutants, of which the analytical standards were available and the developed procedures 
could be compared. The setting-up of the list of 16 EPA PAHs contributed also to the 
development of standard reference materials containing certified concentrations of PAHs. 
First, an EPA method for the analysis of PAHs was developed and introduced in 1979: 
Method 610 – Polynuclear Aromatic Hydrocarbons65. This first procedure mentions liquid 
chromatography (LC) as preferred method over gas chromatography (GC) because at that 
time (1970s) reversed-phase LC offered a better separation than packed column GC. The 
use of the newly developed C18 stationary phases allowed good separation based on 
PAH’s shape selectivity. The state-of-the-art GC analysis in the 70s used packed columns 
and they did not offer sufficient separation of the various PAHs isomers66. Rapid progress in 
the development of stationary phase technology in the 1980s allowed to overcome these 
problems and the use of capillary columns enormously contributed to the development 
of a GC method for PAHs. Nowadays, the analysis of PAHs is generally based on GC rather 
than on LC. 
For a long time the detection method was confined to Flame Ionization Detection 
(FID). Mass Spectrometric (MS) detection was not considered for routine analysis until 
early the 1990s. The availability of low cost, bench-top quadrupole mass spectrometric 
detectors allowed GC-MS to become the method of choice for the determination of PAHs. 
The GC analysis of PAHs and PACs (e.g. benzothiophenes in petrogenic samples) 
was conventionally based on non-polar stationary phases operated at relatively high 
temperatures. The 5% diphenyl dimethyl polysiloxane phase (like in Rtx-5, HT-5, DB-5 
columns) is still the most often applied phase in the PAH analysis. It has been recommended 
in a number of US-EPA methods, e.g. US-EPA method 610. Since the 1990s, high phenyl 
content stationary phases have been used more frequently, e.g. phases described by 
the producers as “50% phenyl methylpolysiloxane-like” such as DB-17MS, Rxi-PAH or 
SLB PAHms. Some years ago, a new group of stationary phases, based on non-molecular 
solvents with low melting points, non-bonded ionic liquids (IL), was introduced67,68. 
Ionic liquids are organic salts with melting points below 100°C and they are composed 
of organic cations and inorganic anions. This intrinsic structure gives them “dual nature” 
features; they enable separation of non-polar molecules as non-polar stationary phases 
do, while at the same time they have a high affinity for polar molecules. 
The IL stationary phases are more polar than polyethylene glycol (wax) stationary 
phases but they have a higher thermal stability compared to the traditional siloxane phases 
with similar selectivity.  IL columns are not susceptible for back-biting reactions, which are 
typical for polysiloxane-based columns. Back-biting occurs when active hydroxyl groups 
at the terminal positions of a polysiloxane-based phase reacts with the backbone siloxane 
and results in cleavage and formation of cyclic polysiloxane products. Therefore the back-
biting reaction causes degradation of a stationary phase. The volatile cyclic polysiloxanes 
elute from the column as “bleed”, resulting in high baseline in chromatograms.
1
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The IL columns have been occasionally applied in few environmental studies; they 
have been used for the separation of different classes of environmental pollutants, 
like polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs) and 
other chlorinated compounds69,70, benzothiazoles and benzotriazoles71, PASHs72 and 
nitrosamines73. 
Chromatograms of environmental samples, like sediment, biota, runoff, sludge, 
dust, etc., may contain thousands of compounds that cannot be chromatographically 
resolved. The use of different columns, acting according to different separation principles, 
in addition to specific extraction and clean-up procedures may offer an outcome in 
specific targeted analysis. However, in case of complex environmental samples, the 
chromatographic separation offered by single separation mechanism may still be 
insufficient. The introduction of comprehensive two-dimensional GC (GCxGC) analysis 
in the early 1990s74 allowed to significantly increase the separating power and peak 
capacity of gas chromatograms. GCxGC utilizes  two independent separation mechanisms 
(orthogonal analyses) in a single analytical run by the use of two columns with stationary 
phases of different polarity or structure. The initial separation is performed on a first 
column and its effluent is focused and introduced in a continuous process into a shorter 
second column by a modulator. This two-dimensional (2D) approach results in series of 
high-speed chromatograms that can be presented as a contour plot. The peak capacity of 
2D chromatography is much higher than that of 1D because a retention plane instead of 
one retention time axis which can accommodate many more peaks. 
The orthogonal selectivity results in enhanced resolution that allows to separate 
structurally similar compounds from each other and from matrix interferences. Also, the 
identification of isomers groups is simplified because of the ordered elution patterns 
in the 2D-chromatograms; the peak location in two dimensions can, next to the HRMS-
spectrum, facilitate the identification process. 
In a commonly used GCxGC setup the analytes are separated usually on a non-polar 
column in the 1st   dimension (e.g. DB-5 or DB-1HT)  and on a medium polar column in the 
2nd dimension (often high phenyl content phase like e.g. RTX-17). This kind of combination 
has been used in several screening studies, that allowed to identify different groups of 
priority pollutants and non-priority compounds, inter alia PACs, in different matrixes 
(dust, lake water, wastewater, snow sediment, petroleum coke, etc)75,76,85,77–84. In the 
conventional non-polar/polar setup also less conventional columns, like liquid crystal (e.g. 
LC-50) or IL, have been applied. The drawback of liquid crystalline phases is their thermal 
instability. However liquid crystalline columns were successfully applied in the analysis of 
halogenated PAHs in soil86 and in the analysis of nonpolar or semi-polar contaminants in 
wastewater and river water87. The use of an IL column in the second dimension enabled 
determination of  NPACs or SPACs compounds in diesel and naphtha samples88. Recently, 
liquid crystalline and IL columns have been used in screening studies applying non-
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conventional column combinations with a medium-polar column in the 1st dimension 
(e.g. LC-50) and an IL or semi/polar column in the 2nd dimension21,24,27,89.
New exposure sources
We are exposed to PACs and other contaminants in various ways, including food, 
cigarettes’ smoke, occupational exposure, air and water, etc. However, these paths are 
neither strictly defined nor constant. 
New sources of exposures are very much related to technological developments resulting 
in the introduction of new technologies and products, like coatings, medicines, cosmetics. 
For instance humans can be exposed to phthalates and other additives via plastic 
objects (e.g. toys and food containers)84, to perfluorinated chemicals (PFCs) via dust from 
perfluorinated alkylated substances (PFAS)-coated textiles90 and to PAHs and NSO-PACs 
via coal-tar based pavement sealcoats91–93. 
Also recycling of end-of-life products, particularly petroleum intensive materials 
like plastics and synthetic rubbers, create new exposure paths to PACs and other 
toxic substances. The studies of Leslie et al.94 and Turner et al.95,96 revealed that waste 
electrical and electronic equipment (WEEE) ends up in recycled plastics. Therefore toxic, 
bioaccumulative and persistent substances like brominated flame retardants (BFRs) and 
other additives can be found in toys and plastic products of everyday use. 
Crumb Rubber (CR), originating from end-of-life tires is another example of 
recycled material that channels the reintroduction of possibly toxic substances into the 
environment. Granulated and powdered rubber is used as flooring for playgrounds and 
sports stadiums, as shock absorbing mats for schools and stables, as paving blocks or 
tiles for patios and swimming pools and as roofing materials. Granulated rubber is also 
widely used in artificial turf on soccer fields. Recently, this last application has raised many 
questions about the potential health risks of hazardous substances present in recycled 
rubber97–99. During the last decade several studies performed worldwide have investigated 
the composition of CR100–102, environmental and health risks directly associated to CR103–106 
and bioavailability of the compounds present in CR107–109. These studies identified various 
harmful substances present in CR samples. Perkins et al.103 reported 306 chemicals in CR, 
from which 197 met the carcinogenicity criteria set in their computational toxicological 
analysis.
The risk assessment of recycled rubber remains  limited to a few dozen target 
contaminants; like 16 EPA PAHs, bisphenol A, phthalates and heavy metals. However, 
recycled rubber is rich in hundreds of organic compounds, inter alia PACs, with 
unrecognized toxic potencies. Some of these compounds may be present as additives, 
others can be generated during vulcanization or during the production process and some 
can probably adsorb to the rubber during its lifetime. 
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Scope 
The first step in the risk assessment paradigm is hazard identification. In this 
step harmful compounds present in an environmental compartment are identified. 
Complex environmental samples are rich in potentially hazardous compounds and 
the analysis of these samples and the processing of huge amounts of obtained data 
requires comprehensive analytical methods and approaches. The target hazardous 
compounds analysed yesterday may be less relevant tomorrow. The „chemical picture” 
of our environment is changing rapidly. The analytical techniques and methods applied 
in environmental chemistry are also developing very fast and this development should 
facilitate the identification of contaminants of emerging concern.
My research concentrated on the analytical development in the environmental 
analysis of PACs and PAHs. The first paper (Chapter 2) describes the 2D-GC screening 
analysis of a heavily polluted environmental sample, River Elbe sediment from Germany. 
In 2008 GCxGC analysis was not a routine practice, as GCxGC technique was described for 
the first time by Liu et al.74 in 1991 and since then it was used mostly for research purposes. 
In the meantime, the GCxGC-High Resolution Mass Spectroscopy (HRMS) analysis has 
become ingrained in environmental analysis. Also non-targeted screening approaches, 
aiming at the identification of unrecognized or novel contaminants, has rooted since in 
the environmental analysis. 
Screening of the polluted sediment with GCxGC-ToFMS (Chapter 2), allowed to 
tentatively identify several groups of PACs, inter alia alkylated PAHs, NSO-heterocycles, 
NSO-substituted PAHs, and halogenated-PAHs. In Chapter 3 a GCxGC-ToF-MS method 
was developed, that allows to separate and quantify methylated PAHs homologues with 
MW=242; methyl-chrysenes, benzo[a]anthracenes and benzo[c]phenanthrenes. The 
toxicity of several of these methylated PAH homologues is higher than the toxicity of the 
parental compounds. The developed method was applied to identify and quantify the 
methylated homologues in the River Elbe sediment and the obtained results show that 
the concentrations of the non-priority methylated PAHs exceed the concentrations of the 
parental PAHs.     
The analysis of alkylated and unsubstituted PAHs is also the subject of Chapter 4. 
This chapter presents the results of the paper published in 2019, where an IL stationary 
phase (SLB®-ILPAH) was tested in comparison to traditional stationary phases: a non-polar 
phenyl arylene (DB-5ms) and a semi-polar 50% phenyl dimethyl siloxane (SLB PAHms). 
The SLB®-ILPAH column showed a different elution pattern compared to the other two 
columns although the SLB PAHms column allowed the best separation of the analysed 
isomers. 
Chapter 5 describes the development of analytical method suitable for the analysis or 
very complex matrix like crumb rubber originating from recycled end-of-life car tires. The 
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goal of this study was screening of the rubber samples in order to tentatively identify key 
organic compounds (extractables) present in recycled rubber.
The last chapter of this thesis presents a discussion, concluding remarks and an outlook.
1
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Comprehensive two-dimensional gas chromatography (GCxGC) coupled with a 
time-of-flight (ToF) detector allows the separation of many constituents of previously 
unresolved complex mixtures (UCM) of contaminants in sediment samples. In 
addition to the powerful chromatographic resolution, automated mass spectral 
deconvolution and identification system software enables a spectral deconvolution 
of closely eluting peaks. An extract of highly polluted sediment from the river Elbe 
(Czech Republic) was submitted to non-invasive extraction and fractionation, and 
analysed by GCxGC-ToF-MS. More than 400 compounds were tentatively identified 
from three fractions. Some of the identified analytes, although not belonging to 
the group of priority pollutants, are known to have a toxic potential. Examples are 
chlorinated polycyclic aromatic hydrocarbons (PAHs), alkylated PAHs, quinones, 
aminoquinones, dinaphthofurans, and thiaarenes. Due to the lack of a more thorough 
clean-up, the life-span of the GC-column is substantially reduced, whereas the ion 
source of the MS needs more frequent maintenance. The procedure described is, 
however, not meant for routine purposes. This procedure delivers, in one run, a 
wealth of information that may be useful for further elucidation of toxicological 
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Introduction
Unresolved complex mixtures (UCM) in gas chromatograms, i.e., humps that include 
aliphatic and aromatic hydrocarbons, are very common in a variety of environmental 
samples such as sediments, biota, sewage sludges etc. UCMs may contain thousands 
of compounds and usually only a small part can be identified by target analysis after a 
sequence of selective cleanup steps.
Gas chromatography (GC) is a useful technique for the separation and determination 
of (semi)volatile compounds. However, in spite of the higher resolution offered by capillary 
columns, GC is unable to separate the multitude of com- pounds that are often present 
in environmental samples. With the introduction of comprehensive two-dimensional 
gas chromatography (GCxGC) some 15 years ago1, a technique especially suited for 
the separation and identification of compounds in highly complex samples became 
available. There is general agreement regarding the main advantages of GCxGC over 
1-dimensional (1-D)-GC2,3. The peak capacity is much higher, and this yields a dramatically 
improved separation of any analytes of interest, from each other, but also, and this is often 
more important, from interfering matrix constituents. In addition, the main benefit of the 
trapping-plus-refocusing process occurring during modulation  is,  typically,  a  3-10-fold 
improved  signal-to- noise ratio compared to 1D-GC. Finally, compound identification is 
more reliable in GCxGC because each substance now has two identifying retention values 
rather than one. Specifically, when two columns with very different characteristics are used, 
chemically related compounds show up as so-called ordered structures (i.e., as clusters or 
bands). The compound peaks are usually grouped by carbon number along the x-axis 
(when the first dimension column is a-polar) and by chemical class along the y-axis. This 
enables the separation of chemical classes such as alkanes, cycloalkanes, monoaromatics, 
diaromatics with additional grouping within each class (within-class and between-class 
separations). This phenomenon greatly facilitates group-type analysis, finger- printing 
studies, and the provisional classification of unknowns2,4–8.
The aforementioned advantages of GCxGC were already exploited to characterize 
UCM in sediment9,10, biota11, crude oil12, and oil spills13. This characterization, however, was 
restricted to a limited number of target compounds (petroleum biomarkers, alkylated 
benzenes, PAHs, etc.). Furthermore, nonspecific detectors (e.g., FID, ECD) were usually 
used, which could not offer more selectivity than identification based on the retention 
times. GCxGC coupled to a time-of-flight mass spectrometric (ToF-MS) detector with a 
high acquisition rate provides compound- specific information4,14.
The main objective of this study is to obtain a much more complete “chemical 
picture” providing more information on the separated compounds including polarity, 
planarity, degree of halogenation and alkylation, heterocyclic atoms, etc. This would 
enable a tentative identification of unknowns, assuming they elute within certain groups 
of compounds separated in the two dimensions. This chromatographic screening could 
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rapidly provide information that allows a tentative characterization of the toxic potencies 
of a sample. This study aims, then, to show the large amount of information that can be 
obtained from one GCxGC chromatogram. To prevent the chemical impoverishment of 
a sample during pre-treatment, a non-invasive extraction and fractionation should be 
applied. Analysing a raw extract, especially  originating from a heavily polluted source, gives 
extremely complicated chromatograms in which a lot of analytes may coelute despite the 
separation in two dimensions. Fractionation simplifies the chromatograms, but may at the 
same time exclude a large number of potentially interesting compounds because these 
could remain on the columns used. GCxGC-ToF-MS allows an extensive description of a 
polluted sediment sample and the drawing of a “map” of different pollutant groups. Highly 
polluted sediment from the river Elbe (Czech Republic)) was subjected to non- invasive 
extraction and screening by GCxGC. The high degree of contamination required the use 
of silica gel columns for fractionation, in spite of the aforementioned drawback. Further 
cleanup was left out to ensure minimum losses of potentially interesting compounds.
Experimental Section
Sediment Samples
Elbe surface sediment samples were collected at Prělouč in the Czech Republic. This 
location was selected based on the presence of a large number of organic contaminants in 
high concentrations and known bioassay responses: DR-CALUX, ER-CALUX, and YES15.The 
top 5 cm of sediment was sampled with Van Veen grab, sieved (<63 µm), homogenized, 
and freeze-dried.
Extraction 
Two grams of sediment was weighed into a glass extraction thimble. The sediment was 
mixed with ca. 2 g Na2SO4 and with small glass pellets. The thimble was placed in a Soxhlet 
extractor and extracted with 100 mL hexane/acetone (1:1 v/v) for 12 h and subsequently 
with 100 mL methanol (with 1% ice-acetic acid) for 4 h. Coextraction with methanol was 
required to extract more polar compounds16. The extracts were combined and carefully 
reduced to about 2 mL on a rotary evaporator. The final solvent was n-hexane.
Fractionation 
Compounds were separated into four distinct fractions, depending on their polarity, 
on a 10% H2O- deactivated silica column according to the method described in ref 17. A 
glass column with a diameter of 0.4 cm was filled bottom-up with glass wool, 5g of 10% 
H2O deactivated silica and with ca. 0.5 g Na2SO4. Compounds were eluted with solvents 
of increasing polarity into four primary fractions (fraction 1- 20 mL of n-hexane; fraction 
2- 20 mL of n-hexane/dichloromethane [1:10 v/v]; fraction 3- 20 mL of dichloromethane; 
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fraction 4- 20 mL of methanol). It was supposed that, by using solvents with a range 
of polarities, no important compound groups would remain on the silica column. The 
aliquots were gently evaporated on a Turbo-Vap to ca. 1 mL and transferred to GC-vials. 
They were further evaporated to almost dryness and re-dissolved in 1 mL of isooctane 
(fraction 1 and 2), dichloromethane (fraction 3) and methanol (fraction 4).
GCxGC-ToF-MS Analysis
The first two fractions were analysed using the same oven program; fraction 3 needed 
a slightly different oven program because the final solvent was dichloromethane to re-
dissolve more polar compounds. Fraction 4 was re-dissolved in methanol and, being the 
most polar fraction, could not be analysed with GCxGC. The first three fractions were 
analysed on a Thermo- Electron-GC (Trace) equipped with a PTV injector and coupled to a 
TEMPUS ToF MS (ThermoElectron, Austin, TX). A 30 m DB-5 column (J&W Scientific; 30 m x 
0.25 mm x 0.25 µm) was used in the first dimension, which separates on the basis of volatility. 
This column was combined with 0.85 m of a 007-65HT (65% phenyl methylpolysiloxane) 
column, allowing polarity-based separation and group-type separation8,14. The 007-65HT 
column also permits high temperature oven programs (maximum of 360°C), which help 
to separate high boiling compounds such as PAHs with high molecular weights. The 
columns were connected with mini press-fits (Techrom; The Netherlands). Modulation 
was performed at the beginning of the second column with a modulation period of 5 s. 
Valves modulator and CO2 dual-jets were provided by Interscience. Liquid CO2 was used 
for cooling. Helium (99,999%) was used as a carrier gas with a velocity of 1 mL/min. One 
µL injections were given manually with the PTV injector operated in the splitless mode at 
280°C; the purge time was 2 min. The GC-oven program for extracts in isooctane (fraction 
1 and 2) was as follows: 90°C for 2 min, 15°C/min to 150°C, and then 1.5°C/min to the final 
temperature of 320°C (10 min). The GC-oven program for extracts in dichloromethane 
(fraction 3) was as follows: 30°C for 2 min, 15 °C/min to 150°C and then 1.5 °C/min to the 
final temperature of 320°C (10 min). The differences in the oven temperatures for extracts 
in isooctane and dichloromethane were due to the different boiling points of the solvents 
(110 and 36°C respectively). After every injection the GC system was baked out for at least 
3 h at 320°C.
The temperature of the transfer line was 280°C. The mass spectrometer was tuned and 
calibrated in the electron ionization (EI) mode using heptacosafluorotributylamine (Fluka 
Chemie, Buchs, Switzerland) as a reference gas. The ion source temperature was 280°C; the 
electron energy was 70 eV. The mass range of 40-900 Da was acquired at a data acquisition 
rate of 40 Hz.
Compounds Identification and Spectral Deconvolution
Xcalibur 1.4 software (Thermo Electron) was used to control the GC instrument and to 
acquire data. The data was imported into HyperChrom 2.4.0 software (Thermo Electron) 
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for two-dimensional transformation and Transform 3.3 software (Fortner Research) was 
used to produce 2D chromatograms.
GCxGC chromatograms were analysed using AMDIS (automated mass spectral 
deconvolution and identification system, NIST, version 2.62) manual deconvolution of 
peaks significantly separated from the matrix “hump”. The resolved mass spectra were 
compared with the reference spectra of the National Institute of Standards and Technology 
(NIST, Gaithersburg, MD) main mass spectral database (NIST/EPA/ NIH Mass Spectral 
Library Version 2.0, April 2005). The spectra were also examined using the substructure 
identification option available in AMDIS, relying on the analysis of the results of the user 
search. From an analysis of the substructures of the compounds in the hit list and the 
degree of match to the unknown, a set of parameters is derived to predict the probability 
of a set of substructures and the Cl/Br content. In addition to reporting the probability 
of the presence of substructures, the probability of the absence of substructures is also 
reported. The tentative identification of the resolved peaks describes, therefore, the present 
chemical features of a compound (e.g., methyl group, ketone- group, ketone bound to 
aryl group or to saturated carbon, chlorine or bromine presence, presence of nonaromatic 
rings or heterocyclic aromatic rings, etc.) and gives the probable structure. Admittedly, the 
proposed structure only depicts the main characteristics such as the amount of aromatic 
rings or heterocyclic atoms, degree of alkylation. For a full identification of unknowns, 
other complementary techniques such as, e.g., NMR may be required.
Standards of 9,10-anthraquinone (Riedel de Haën, Seelze, Germany), naphthalene, 
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, 
pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[ah]anthracene, benzo[ghi]perylene (all 
from Baker, Deventer, The Netherlands), 1,9-benz-10-anthrone and 1-methylpyrene (Fluka, 
Buchs, Switzerland), dibenzothiophene, 1-methylnaphthalene, 2-methylanthracene, 
2-chloroanthracene, 5-methylchrysene, 2-methylanthraquinone, 2,3-dimethyl 
anthraquinone, 2-ethylanthraquinone, 1-chloroanthraquinone, 2-chloroanthraquinone, 
1,5-dichloroan- thraquinone, 1-aminoanthraquinone, 5,12-naphthacenequinone, 
benzo[a]anthracene-7,12-dione, and 9-fluorenone (all from Sigma Aldrich Chemie, 
Zwijndrecht, The Netherlands) were used for positive identification.
Results and discussion
Compounds Classes Detected in Elbe Sediment Fraction 1 
A broadband along the x-axis (spread between 1 and 2 s. in the second dimension) 
is present in all three fractions. No distinct peaks were observed in this intense band in 
fraction 1 (Figure 1). The mass spectra at any point in the lower region of the band are very 
similar, showing mainly fragmentation of an alkane chain. Although mass spectra are not 
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very specific for library search, based on the chemical logic nonpolar silica fraction and 
very low retention in the second dimension, it can be tentatively identified as a band of 
acyclic alkanes (n- and iso-alkanes) and presumably cyclic alkanes. In the ensuing text, this 













Figure 1. GCxGC chromatogram of the Elbe extract fraction 1 in the total ion current mode. 
Polychlorinated biphenyls are marked with dots; black: mono-CBs, red: di-CBs, pink: tri-CBs, 
yellow: tetra-CBs, green: penta-CBs, light blue: hexa-CBs, purple: hepta-CBs, blue: octa-CBs. 
Ovals white: unknowns, ovals black: chlorinated PAHs. Ovals A and B: groups of peaks with 
similar mass spectra.
Three intense and tailing peaks situated on the left side of the chromatogram and 
above the band of alkanes are peaks of sulphur, which is probably present in three forms: 
cyclo-S6, cyclo-S7, and cyclo-S818. Next to sulphur, there are many small distinct peaks 
observed just above the band. These are polycyclic aromatic hydrocarbons (PAHs) and 
alkylated-PAHs, which have partly appeared in this fraction, although the majority of 
them are eluting in fraction 2 that will be discussed later.
Another group of distinct peaks can be observed, on the right side of the 
chromatogram, as a continuation of the matrix band. They appear as two peaks next to 
each other, followed by another two peaks (in Figure 1 ovals marked A and B). The mass 
spectra of the two neighbouring peaks are identical (two peaks in A with m/z=427 and 
two peaks in B with m/z=441). It could be speculated that there are cyclic compounds 
present in two forms and that they differ by one methyl group. The library search provided 
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no reliable hints. NIST-MS-search substructure identification, that allows the estimation of 
the MW of the unknowns and helps predict the probability of a set of substructures of a 
compound, suggests with a probability of higher than 80% the presence of nonaromatic 
rings and a carbon-oxygen single bond.
An extra group of peaks, partially resolved from the matrix band, are polychlorinated 
biphenyls (PCBs). Not all of the PCBs peaks are completely separated from the matrix; peaks 
coeluting with the matrix were identified with selected ion monitoring (SIM). Another 
group of chlorinated compounds, present in fraction 1 and totally separated from the 
matrix, are chlorinated PAHs. Mono- and di-chlorinated naphthalenes and anthracenes 
or phenanthrenes were tentatively identified. Identification of 2-chloroanthracene was 
con- firmed by a standard with this same retention time and mass spectrum. Some peaks 
present in this fraction, visibly separated from the matrix, could not be identified with the 
NIST library (white ovals in Figure 1). However, mass spectra substructure identification 
revealed heterocyclic structures and the presence of nitrogen in these compounds.
Compounds Classes Detected in the Elbe Sediment Fraction 2
The chromatogram of the second fraction is more complex; this fraction contains 
an immense group of aromatics. Based on the mass spectra and knowledge of second-
dimension retention properties, the following bands could be identified (see Figure 2): 
(1) band of alkanes, iso-alkanes, alkenes, alcohols, and ethers, (2) band of (oxygenated) 
monoaromatics. There is also a third distinct band but no compounds could be specified. 
The  characteristics  of the peaks in all three bands were determined with AMDIS and NIST-
MS-search substructure identification. The area  of diaromatics, alkylated diaromatics, 
diaromatics with a heteroatom (dibenzothiophene, dibenzofuran) and their alkylated 
derivatives is indicated by A and the area of nonaromatic polycyclics is indicated by B 
in Figure 2. The PAHs are well resolved from the matrix containing (oxygenated) alkanes 
and monoaromatics. Homocyclic PAHs, from naphthalene up to PAHs with MW=302 (e.g., 
dibenzo[a,l]pyrene) and some heterocyclic PAHs as carbazoles and thiophenes could 
be tentatively identified and grouped (see Figure 2). The identification of naphthalene, 
1-methylnaphthalene, acenaphthylene, acenaphthene, fluorene, dibenzothiophene, 
phenanthrene, anthracene, fluoranthene, pyrene, and chrysene was also confirmed 
by standards. Additionally, standards of 2-methylanthracene, 1-methylpyrene, 
5-methylchrysene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[ah]anthracene, and benzo[ghi]perylene 
were also injected for identification of the other separated peaks in this area. However, the 
retention times of the  standards did not match these peaks, although the mass spectra 
did. Different retention times but similar mass spectra may, however, indicate that the 
negatively identified peaks are the congeners of the injected standards.
Peaks of alkylated PAHs, resolved from the matrix, were found in fraction 2. The 
alkylated derivatives, originating from the parent PAHs, form clear bands extended 
2
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generally in the first dimension (along the x-axis). For all identified PAHs and their alkylated 
derivatives, see Table 1. Some of them have been described previously5,9,13,19. In this study, 
bands of alkylated derivatives of PAHs from naphthalenes up to PAHs with MW=278 were 
recognized.
We could not distinguish between isomers with the same degree of carbon 
substitution (e.g., 2C-substituted isomers containing dimethylated- and ethylated-
congeners, 3C-substituted isomers: congeners containing three methyl-groups or 
ethyl- and methyl-group or propyl-group, etc.) because their mass spectra are, in most 
cases, identical. In addition, isomers of higher alkylated PAHs coelute with many other 
compounds complicating the spectrum. The group identification was achieved by 
applying SIM-scanning. Similar grouping of alkylated naphthalenes (2C up to 4C) and 
alkylated phenanthrenes were found by Nelson et al.13. We could not differentiate between 
alkylated phenanthrenes and anthracenes with the same degree of alkylation because 
of almost identical spectra. The identification of acenaphthylene and acenaphthene was 
confirmed by standards but no library spectra of their alkylated derivatives are available. 
However, alkylated acenaphthylenes and acenaphthene can coelute with alkylated 
biphenyls, methyl-benzenes and dibenzofurans in the diaromatic area (group A in Figure 
2). 
It can also be assumed that the mass spectra of alkylated acenaphthylenes (MW1C=166, 
MW2C=180, MW3C=194, etc.) and acenaphthenes (MW1C=168, MW2C=182, MW3C=196, 
etc.) would be similar to the mass spectra of alkylated fluorenes (MW1C=180, MW2C=194, 
MW3C=208), alkylated biphenyls (MW1C=168, MW2C=182, MW3C=196), and alkylated 
diphenylmethanes (MW1C=182, MW2C=196, MW3C=210).
The retention time in the second dimension does not only depend on the degree 
of the aromaticity but also of the presence of heteroatoms. Arey et al.20 showed that 2-D 
retention times allows to estimate Kow.
Dibenzofuran, fluorene, dibenzothiophene, and carbazole are all diaromatics that 
differ by one atom (C, O, or S) or group (-NH) in the cyclopentadiene ring (Figure 3). These 
compounds are already separated in the first dimension but separation in the second 
dimension allows separation of the groups of alkylated derivatives that coelute when 
using 1D GC (e.g., fluorene-3C, dibenzothiophene-2C, and carbazole-1C elute together in 
the first dimension; see Figure 3). The groups of the alkylated derivatives are arranged like 
roof- tiles (see also Figure 2) and they form extended roof-tiles of heterocyclic compounds 
with the following order in the second dimension: O → C → S →N (see Figure 3). A 
comparable kind of grouping was also found in fraction 3 (see Figure 5).
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threnes and anthracenes with the same degree of alkylation
because of almost identical spectra. The identification of
acenaphthylene and acenaphthene was confirmed by stan-
dards but no library spectra of their alkylated derivatives are
available. However, alkylated acenaphthylenes and acenaph-
thene can coelute with alkylated biphenyls, methyl-benzenes
and dibenzofurans in the diaromatic area (group A in Figure
2). It can also be assumed that the mass spectra of alkylated
acenaphthylenes (MW1C ) 166, MW2C ) 180, MW3C ) 194,
etc.) and acenaphthenes (MW1C ) 168, MW2C ) 182, MW3C
) 196, etc.) would be similar to the mass spectra of alkylated
fluorenes (MW1C ) 180, MW2C ) 194, MW3C ) 208), alkylated
biphenyls (MW1C ) 168, MW2C ) 182, MW3C ) 196), and
alkylated diphenylmethanes (MW1C)182, MW2C)196, MW3C
) 210).
The retention time in the second dimension does not
only depend on the degree of the aromaticity but also of the
presence of heteroatoms. Arey et al. (20) showed that 2-D
retention times allows to estimate Kow
Dibenzofuran, fluorene, dibenzothiophene, and carbazole
are all diaromatics that differ by one atom (C, O, or S) or
group (-NH) in the cyclopentadiene ring (Figure 3). These
compounds are already separated in the first dimension but
separation in the second dimension allows separation of the
groups of alkylated derivatives that coelute when using 1D
GC (e.g., fluorene-3C, dibenzothiophene-2C, and carbazole-
1C elute together in the first dimension; see Figure 3). The
groups of the alkylated derivatives are arranged like roof-
tiles (see also Figure 2) and they form extended roof-tiles of
heterocyclic compounds with the following order in the
second dimension: O f C f S f N (see Figure 3). A
comparable kind of grouping was also found in fraction 3
(see Figure 5).
Apart from the homocyclic and heterocyclic PAHs, other
chemical groups are also present in the second fraction.
Different isomers of furans form distinctly grouped peaks
separated in the second dimension (see Figure 4).
Furans with three and four aryl rings were also identified
eluting in groups (see Figure 4). Four peaks with MW ) 218
could be identified as benzonaphthofurans and benzo[k]x-
anthene with three aryl rings (three possible congeners of
benzonaphthofurans and benzo[k]xanthene have similar
mass spectra and retention indices) and eight peaks with
MW ) 268 as dinaphthofurans with four aryl rings.
Based on the assumptions that the structure given by the
NIST-library may be similar to the structure of the analyzed
peak (aromaticity, heteroatoms, halogens etc.), we were able
to tentatively identify almost all the peaks separated from
the matrix in fraction 2. The retention indices of the NIST
matches were also considered in this query. All the peaks
separated from the matrix using total ion current mode are
shown in Table A in the Supporting Information.
Compounds Classes Detected in the Elbe Sediment,
Fraction 3. The third fraction is also rich in separated peaks
and provisional identification revealed that most of them
are oxygenated compounds (quinones and ketones). The
most distinct peak in the fraction 3 chromatogram belongs
to anthraquinone (AQ) that together with a number of
derivatives form a characteristic group (see blow up in Fig-
ure 5).
The peak of AQ (identity confirmed by the standard) is
accompanied by a small peak with a very similar spectrum
that may be one of its isomers (most probably 9,10-
phenanthrenedione because it has the same retention indices
as AQ and a similar mass spectrum).
Alkylated AQ derivatives were identified up to 3C; two
peaks of 1C-, two peaks of 2C- and one peak of 3C-
anthraquinone. Standards of 2C-quinones: 2,3-dimethyl AQ
and 2-ethyl AQ did not confirm the identity of possible 2C-
quinones, although they did elute in this same region.
FIGURE 2. GCxGC chromatogram of the Elbe extract fraction 2 in the total ion current mode. (1) Band of alkanes, iso-alkanes,
alkenes, alcohols, and ethers. (2) Band of (oxygenated) monoaromatics. (3) Band of unknowns. (A) Diaromatics ant their alkylated
derivatives. (B) Nonaromatic policyclics. Black, Naphthalene; gray, acenaphthylene and acenaphthene; dark blue, dibenzofuran; light
blue, fluorene; orange, dibenzothiophene; green, phenanthrene and anthracene; yellow, fluoranthene and pyrene; dark green,
carbazole; brown, benzonaphthothiophenes and phenanthrothiophenes, red, PAHs with MW ) 228; purple, phenldibenzothiophenes
and phenyl-naphthothiophenes; dark pink, PAHs with MW ) 252; white, PAHs with MW ) 276 and 278; light pink, PAHs with MW )
302 (solid lines in this same color indicate alkylated derivatives with degree of alkylation increasing along the x-axis) -------
benzonaphthofurans - - - - dinaphthofurans.
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Figure 2. GCxGC chromatogram of the Elbe extract fraction 2 in the total ion current mode. 
(1) Band of alkanes, iso-alkanes, alkenes, alcohols, and ethers. (2) Band of (oxygenated) 
monoaromatics. (3) Band of unknowns. (A) Diaromatics and their alkylated derivatives. (B) 
Nonaromatic policyclics. Black: naphthalene; Gray: acenaphthylene and acenaphthene; Dark 
blue: dibenzofura ; Light blu : fluorene; Orange: dibenzothi phe e; Green: phenanthrene 
and anthrac ne; Yellow: fluoranthene nd pyrene; Da k green: carbazole; Brown: 
benzonaphthothioph nes and phe anthrothiophenes; Red: PAHs with MW=228; Purple: 
phenyl-dibenzothiophenes and phenyl-naphthothiophenes; Dark pink: PAHs with MW=252; 
White: PAHs with MW=276 and 278; Light pink: PAHs with MW=302.  (Solid  lines  in  this  same 
colour  indicate  alkylated  derivatives  with  degree  of  alkylation  increasing  along  the 
x-axis). ····· benzonaphthofurans, - - - - dinaphthofurans
Apart from the homocyclic and heterocyclic PAHs, other chemical groups are also 
present in the second fraction. Different isomers of furans form distinctly grouped peaks 
separat d in the s cond dimensio  (see Figure 4). Furans wi h three an  four aryl rings 
were also identified luti g in groups (se  Figure 4). Four peaks with MW=218 c uld 
be identified as benzonaphthofu ans and b nzo[kl]xant ene with thr e aryl rings 
(three possible congeners of benzonaphthofurans and benzo[kl]xanthene have similar 
mass spectra and first dimension retention indices) and eight peaks with MW=268 as 
dinaphthofurans with four aryl rings.
Based on the assumptions that the structure given by the NIST-library may be similar 
to th  structure of the analysed peak (aromaticity, heteroatoms, halogens etc.), we were 
able to tentatively identify almost all the peaks separated from the matrix in fraction 
2. The retention indices of the NIST matches were also considered in this query. All the 
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Compounds Classes Detected in the Elbe Sediment Fraction 3. 
The third fraction is also rich in separated peaks and provisional identification revealed 
that most of them are oxygenated compounds (quinones and ketones). The most distinct 
peak in the fraction 3 chromatogram belongs to anthraquinone (AQ) that together with a 
number of derivatives form a characteristic group (see blow up in Figure 5).
The peak of AQ (identity confirmed by the standard) is accompanied by a small 
peak with a very similar spectrum that may be one of its isomers (most probably 
9,10-phenanthrenedione, because it’s  mass spectrum is similar and the value of the 
retention index is close to AQ).
Alkylated AQ derivatives were identified up to 3C; two peaks of 1C-, two peaks of 2C- and 
one peak of 3C- anthraquinone. Standards of 2C-quinones: 2,3-dimethylanthraquinone 
and 2-ethylAQ did not confirm the identity of possible 2C- quinones, although they did 
elute in this same region. Therefore, the separated peaks of 2C-quinones may be other 
congeners than the injected standards.
Figure 3.  GCxGC chromatogram of the Elbe extract fraction 2 in the total ion current 
mode. Elution order of PAHs with similar  carbon skeleton. Compounds and their alkylated 
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Table 1. Compounds identified in Fraction 2 and their alkylated derivatives (see also Figure 3).
Identified primary compound and congener 
group by degree of alkylation
Number of isolated peaks per 


































































































peaks probably present but 
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peaks probably present but 






















PAH MW=278 10 278
PAH MW=302 3 302
* Only one peak could be positively identified, the rest of the peaks is coeluting with the 
matrix, ** there are only four congeners of methyl-dibenzothiophene but there are also 
naphthothiophenes with similar mass and retention indices; ***it is not possible to distinguish 
between methylated 252-PAHs and 266-PAHs. Their mass spectra are identical and the retention 
indices are similar.
Chlorinated (mono- and di-) and amino- anthraquinones were also provisionally identified. 
One of the monochlorinated quinones could be identified as 1-chloroanthraquinone 
(standard injection). 2-chloroanthraquinone was not detected in the sediment. However, 
there is one more peak with a similar mass spectrum eluting near 1-chloroanthraquinone. 
We hypothesize that this could be chlorinated 9,10-phenanthrenedione but no mass 
spectra or retention indices are available to confirm this. One of the dichlorinated 
quinones could be identified as 1,5-dichloroanthraquinone (standard injection). For the 
concentrations of all positively identified compounds in fraction 3 see Table 2.
The peak tentatively identified as amino-anthraquinone had the same retention time 
in the first dimension as the 1-aminoanthraquinone standard but in the second dimension 
it eluted later (higher on the y-axis). Therefore, it is suggested that 2-aminoanthraquinone, 
or a different congener (amino-9,10-phenanthrenedione), is the probable identity of this 
peak.
Chlorinated-derivatives elute earlier in the second dimension than amino-AQ. The 
elution order and identity of chlorinated and amino-AQs were confirmed by standards. 
Similar to the grouping of heterocyclic fluorene-like compounds in fraction 2 (see Figure 
3), substitution on the ring also results in a roof-tile effect (blow up in Figure 5: C →Cl→NH2 
compare with Figure 3: O →C→S→N).
The group separation of ketones, quinones and ethers is shown in Figure 5. From 
left to right: fluorenone followed by alkylated derivatives up to 2C, already mentioned 
anthraquinone followed by alkylated derivatives, four benzofluorenones, two 
benzoanthraquinones and five peaks of naphthylethers. The identity of fluorenone, 
1,9-benz-10-anthrone, benzo[a]anthracene-7,12-dione and 5,12-naphthacenequinone 
were confirmed by standards. Examples of the tentative identification of other abundant 
peaks are shown in Figure 9. All peaks tentatively identified in fraction 3 are shown in 
Table B in the Supporting Information.
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Screening and Toxicity Prediction
A wide variety of compounds was provisionally identified in all three fractions. Some 
of the identified analytes, although not belonging to the group of priority pollutants, are 
known to have a toxic potential. The toxicity of chlorinated PAHs, present in fraction 1, is 
still unknown. The origin of these compounds can be both natural and anthropogenic; 
chlorinated aromatics were found in weathered leaves21, road tunnels air22 and in the  ash 
from  waste  incinerators23.  3-5  ring  PAHs  are inducers of the aryl hydrocarbon receptor 
(AhR) with activity increasing with the number of chlorine atoms on the corresponding 
5-ring PAH24. 2-Chloroanthracene identified in fraction 1 has an AhR ligand activity of 10% 
of that of benzo[a]pyrene24.
Dinaphthofurans were identified in a toxic fraction (cytochrome P4501A inducers), 
originating from polluted sediment by Brack et al.25. Other toxicity studies have shown that 
they can act as relatively potent inducers of AhR26. Several heterocyclic PAHs (containing 
O, N and S) were tentatively identified in an EROD inducing fraction from Forellenbach 
sediment27. Naphtho[2,1,8,7-klmn]xanthene, dinaphthofurans, benzocarbazoles and thia-
arenes tentatively identified by Brack et al.27, were also identified in fraction 2 in this study.
identified by Brack et al. (27), were also identified in fraction
2 in this study.
Oxy-PAHs such as benzanthrone, benz[a]anthracene-7,12-
dione, anthraquinone identified in fraction 3 proved to be
weak inducers of in vitro estrogenic activity, with induction
equivalents similar to that of benzo[a]pyrene (28). Amino-
9,10-anthraquinone, also present in fraction 3, exhibited
mutagenicity in Salmonella typhimuriom strains (29). The
quinones are an interesting group of compounds, as they
occur as natural compounds in plants but are also made
industrially and used as a dye or tanning hide, as well as in
photography.
Obviously, this combination of noninvasive extraction and
fractionation leads to the tentative identification of many
more compounds and compound classes than by target-
analysis. The use of the NIST MS-library allows only
approximate identification of the compound’s structure.
However, the two retention times offered by GCxGC together
with the ToF-MS spectra increase the likehood of positive
identification. Furthermore, the identity of a number of
compounds could be confirmed by the injection of a standard.
The sacrifice of a GC column, and the time required for
cleaning the MS source, are more than compensated by the
new information on the presence of a suite of potentially
toxic compounds in sediments. Once extracted lipids can be
analyzed, biota samples may be subjected to this type of
analysis.
FIGURE 4. GCxGC chromatogram of the Elbe extract fraction 2 in the selected ion monitoring mode with MW ) 168 (dibenzofuran);
218 (benzonaphthofurans), 268 (dinaphthofurans).
FIGURE 5. GCxGC chromatogram of the Elbe extract fraction 3 in the total ion current mode. Groups of quinones, ketones, and
ethers: red- fluorenone and its alkylated derivatives, black- 9,10-anthraquinone and its alkylated derivatives, green- benzanthrones
and/or benzofluorenones (C17H10O), orange- quinones (C18H10O2), blue- dinaphthylethers. Blow-up insert: selected ion monitoring mode
with MW ) 208 (anthraquinone (AQ)), 222 (AQ-1C), 236 (AQ-2C), 250 (AQ-3C), 223 (AQ-NH2), 242 (AQ-Cl), 276 (AQ-Cl2): black- AQ,
yellow- two peaks of monochlorinated-AQ, dark blue- two peaks of dicholrinated-AQ, pink- amino-AQ. Alkylated anthraquinones are
marked by black lines.
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Figure 4. GCxGC chromatogram of the Elbe extract fraction 2 in the selected ion 












Figure 5. GCxGC chromatogram of the Elbe extract fraction 3 in the total ion current mode. 
Groups of quinones, ketones, and    ethers: Red- fluorenone and its alkylated derivatives, 
Black- 9,10-anthraquinone and its alkylated derivatives, Green- benzanthrones and/or 
benzofluorenones (C17H10O), Orange- quinones (C18H10O2), Blue- dinaphthylethers.  
Blow-up insert: selected ion monitoring mode with MW=208 (anthraquinone (AQ)), 222 (AQ-
1C), 236 (AQ-2C), 250 (AQ-3C), 223 (AQ-NH2), 242 (AQ-Cl), 276 (AQ-Cl2): Black- AQ, Yellow- two 
peaks of monochlorinated-AQ, Dark blue- two peaks of dicholrinated-AQ, Pink- amino-AQ. 
Alkylated anthraquinones are marked by black lines.
Table 2. Concentrations of compounds identified in Fraction 3.






















Oxy-PAHs, such as benzanthrone, benzo[a]anthracene-7,12-dione and anthraquinone 
identified in fraction 3, proved to be weak inducers of in vitro estrogenic activity, with 
induction equivalents similar to that of benzo[a]pyrene28. Amino-9,10-anthraquinone, 
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also present in fraction 3, exhibited mutagenicity in Salmonella typhimuriom strains29. The 
quinones are an interesting group of compounds, as they occur as natural compounds 
in plants but are also made industrially and used as a dye or tanning hide, as well as in 
photography.
Obviously, this combination of non-invasive extraction and fractionation leads to the 
tentative identification of many more compounds and compound classes than by target 
analysis. The use of the NIST MS-library allows only approximate identification of the 
compound’s structure. However, the two retention times offered by GCxGC together with 
the ToF-MS spectra increase the likelihood of identification. Furthermore, the identity of a 
number of compounds could be confirmed by the injection of a standard.
The sacrifice of a GC column, and the time required for cleaning the MS source, are 
more than compensated by the new information on the presence of a suite of potentially 
toxic compounds in sediments. Once extracted lipids can be analysed, biota samples may 
be subjected to this type of analysis.
Acknowledgements
This study was supported by the European Union-funded project Models for Assessing 
and Forecasting the Impact of Environmental Key Pollutants on Marine and Freshwater 
Ecosystems and Biodiversity (MODELKEY; contract 511237- GOCE). We gratefully 
acknowledge the scientific help of Dr. Pim Leonards (Institute for Environmental Studies, 
VU University, Amsterdam, The Netherlands), Dr. Miroslav Machala, Dr. Jiri Neca and Dr. 
Miroslav Neca (Veterinary Research Institute, Brno, Czech Republic.
2
 
Maximizing chromatographic information from environmental extracts   |   53 
References
1 Liu, Z. Y.; Phillips, J. B. Comprehensive 2-dimensional gas- chromatography using an on-column 
thermal modulator interface. J. Chromatogr. Sci. 1991, 29, 227–231.
2 Frysinger, G. S.; Gaines, R. B.; Reddy, C. M. GC x GC - A new analytical tool for environmental 
forensics. Environ. Forensics, 2002, 3, 27–34.
3 Panic, O.; Gorecki, T. Comprehensive two-dimensional gas chromatography in environmental 
analysis and monitoring. Anal. Bioanal. Chem. 2006, 386, 1013–1023.
4 Dalluge, J.; van Stee, L. L. P.; Xu, X. B.; Williams, J.; Beens, J.; Vreuls, R. J. J.; Brinkman, U. A. T. Unravelling 
the composition of very complex samples by comprehensive gas chromatography coupled 
to time-of-flight mass spectrometry - cigarette smoke. J. Chromatogr. A, 2002, 974, 169–184.
5 Van de Weghe, H.; Vanermen, G.; Gemoets, J.; Lookman, R.; Bertels, D. Application of 
comprehensive two-dimensional gas chromatography for the assessment of oil contaminated 
soils.   J. Chromatogr. A, 2006, 1137, 91–100.
6 Edam, R.; Blomberg, J.; Janssen, H. G.; Schoenmakers, P. J. Comprehensive multi-dimensional 
chromatographic studies on the separation of saturated hydrocarbon ring structures in 
petrochemical samples. J. Chromatogr. A, 2005, 1086, 12–20.
7 Korytar, P.; Danielsson, C.; Leonards, P. E. G.; Haglund, P.; de Boer, J.; Brinkman, U. A. T. Separation 
of seventeen 2,3,7,8- substituted polychlorinated dibenzo-p-dioxins and dibenzo- furans 
and 12 dioxin-like polychlorinated biphenyls by com- prehensive two-dimensional gas 
chromatography with electron- capture detection. J. Chromatogr. A, 2004, 1038, 189–199.
8 Korytar, P.; Leonards, P. E. G.; de Boer, J.; Brinkman, U. A. T. Group separation of organohalogenated 
compounds by means of comprehensive two-dimensional gas chromatography. J. Chromatogr. 
A, 2005, 1086, 29–44.
9 Frysinger, G. S.; Gaines, R. B.; Xu, L.; Reddy, C. M. Resolving the unresolved complex mixture in 
petroleum-contaminated sediments. Environ. Sci. Technol. 2003, 37, 1653–1662.
10 Reddy, C. M.; Eglinton, T. I.; Hounshell, A.; White, H. K.; Xu, L.; Gaines, R. B.; Frysinger, G. S. The 
West Falmouth oil spill after thirty years: the persistence of petroleum hydrocarbons in marsh 
sediments. Environ. Sci. Technol. 2002, 36, 4754–4760.
11 Booth, A. M.; Sutton, P. A.; Lewis, C. A.; Lewis, A. C.; Scarlett, A.; Chau, W.; Widdows, J.; Rowland, S. 
J. Unresolved complex mixtures of aromatic hydrocarbons: thousands of overlooked persistent, 
bioaccumulative, and toxic contaminants in mussels. Environ. Sci. Technol. 2007, 41, 457–464.
12 Frysinger, G. S.; Gaines, R. B. Separation and identification of petroleum biomarkers by 
comprehensive two-dimensional gas chromatography. J. Sep. Sci. 2001, 24, 87–96.
13 Nelson, R. K.; Kile, B. M.; Plata, D. L.; Sylva, S. P.; Xu, L.; Reddy, C. M.; Gaines, R. B.; Frysinger, G. S.; 
Reichenbach, S. E. Tracking the weathering of an oil spill with comprehensive two- dimensional 
gas chromatography. Environ. Forensics 2006, 7, 33–44.
14 Korytar, P.; Parera, J.; Leonards, P. E. G.; Santos, F. J.; de Boer, J.; Brinkman, U. A. T. Characterization of 
polychlorinated n-alkanes using comprehensive two-dimensional gas chromatography-electron-
capture negative ionization Time-of-Flight mass spectrometry. J. Chromatogr. A, 2005, 1086, 71–82.
54   |   Chapter 2
15 Personal communication with M. Machala; manuscript in preparation.
16 Guerin, T. F. The extraction of aged polycyclic aromatic hydrocarbon PAH. residues from a clay soil 
using sonication and a Soxhlet procedure: a comparative study. J. Environ. Monitor. 1999, 1, 63–67.
17 Ciganek, M.; Neca, J.; Adamec, V.; Janosek, J.; Machala, M. A combined chemical and bioassay 
analysis of traffic-emitted polycyclic aromatic hydrocarbons. Sci. Total Environ. 2004, 334- 35, 
141–148.
18 Dalluge, J.; Beens, J.; Brinkman, U. A. T. Comprehensive two- dimensional gas chromatography: 
a powerful and versatile analytical tool. J. Chromatogr. A, 2003, 1000, 69–108.
19 Wang, F. C. Y.; Robbins, W. K.; Greaney, M. A. Speciation of nitrogen-containing compounds in diesel 
fuel by comprehensive two-dimensional gas chromatography. J. Sep. Sci. 2004, 27, 468– 472.
20 Arey, J. S.; Nelson, R. K.; Xu, L.; Reddy, C. M. Using comprehensive two-dimensional gas 
chromatography retention indices to estimate environmental partitioning properties for a 
complete set of diesel fuel hydrocarbons. Anal. Chem. 2005, 77, 7172– 7182.
21 Leri, A. C.; Marcus, M. A.; Myneni, S. C. B. X-ray spectromicroscopic investigation of natural 
organochlorine distribution in weathering plant material. Geochim. Cosmochim. Ac. 2007, 71, 
5834–5846.
22 Nilsson, U. L.; Ostman, C. E. Chlorinated polycyclic aromatic hydrocarbons: method of analysis 
and their occurrence in urban air. Environ. Sci. Technol. 1993, 27, 1826–1831.
23 Horii, Y.; Ok, G.; Ohura, T.; Kannan, K. Occurrence and profiles of chlorinated and brominated 
polycyclic aromatic hydrocar- bons in waste incinerators. Environ. Sci. Technol. 2008, 42, 1904– 1909.
24 Ohura, T.; Morita, M.; Makino, M.; Amagai, T.; Shimoi, K. Aryl hydrocarbon receptor-mediated 
effects of chlorinated polycyclic aromatic hydrocarbons. Chem. Res. Toxicol. 2007, 20, 1237– 1241.
25 Brack, W.; Schirmer, K. Effect-directed identification of oxygen and sulfur heterocycles as major 
polycyclic aromatic cytochrome P4501A-inducers in a contaminated sediment. Environ. Sci. 
Technol. 2003, 37, 3062–3070.
26 Vondracek, J.; Chramostova, K.; Pliskova, M.; Blaha, L.; Brack, W.; Kozubik, A.; Machala, M. 
Induction of aryl hydrocarbon receptor-mediated and estrogen receptor-mediated activities, and 
modulation of cell proliferation by dinaphthofurans. Environ. Toxicol. Chem. 2004, 23, 2214–2220.
27 Brack, W.; Schirmer, K.; Erdinger, L.; Hollert, H. Effect-directed analysis of mutagens and 
ethoxyresorufin-O-deethylase inducers in aquatic sediments. Environ. Toxicol. Chem. 2005, 24, 
2445– 2458.
28 Machala, M.; Ciganek, M.; Blaha, L.; Minksova, K.; Vondrack, J. Aryl hydrocarbon receptor-mediated 
and estrogenic activities of oxygenated polycyclic aromatic hydrocarbons and azaarenes 
originally identified in extracts of river sediments. Environ. Toxicol. Chem. 2001, 20, 2736–2743.
29 Brown, J. P.; Brown, R. J. Mutagenesis by 9,10-anthraquinone derivatives and related compounds 
in Salmonella-Typhimurium. Mutat. Res. 1976, 40, 203–224.
2
 
Maximizing chromatographic information from environmental extracts   |   55 
Supporting Information
Maximizing chromatographic information from environmental extracts 
by GCxGC-ToFMS
Contents:
1. FIGURE A. GCxGC chromatogram of Elbe extract fraction 2 in the Total Ion Current mode. 
Examples of peaks of compounds separated from the matrix and identified with AMDIS
2. Tabel A. List of compounds identified in fraction 2 of Elbe sediment
3. FIGURE B. GCxGC chromatogram of Elbe extract fraction 2 in the Total Ion Current mode. 
Examples of peaks of compounds separated from the matrix and identified with AMDIS
4. Tabel B. List of compounds identified in fraction 2 of Elbe sediment













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Identification and quantification 
of methylated PAHs in sediment 
by two-dimensional gas 
chromatography/mass spectrometry
Ewa Skoczyńska, Pim Leonards, Jacob de Boer





Alkylated polycyclic aromatic hydrocarbons (alkyl-PAHs) are ubiquitously present 
in the environment and they are recognized as a toxicologically hazardous group. 
The biggest obstacle in the assessment of environmental risks of alkyl-PAHs is 
identification and quantification; the complete (chromatographic) separation of 
alkylated homologues is difficult if not impossible. Therefore, alkyl-PAHs are usually 
identified as a group of isomers with the same degree of alkylation and quantified as 
one group using one chromatographic response factor. In this study we demonstrate 
that the relative response factors of twenty-three methylated PAHs with the same 
molecular weight (MW) of 242 (six methyl-chrysenes, twelve benzo[a]anthracenes 
and five benzo[c]phenanthrenes) range from 0.1 for 12-methylbenzo[a]anthracene 
and 4-methylbenzo[c]phenanthrene to 1.7 for 6-methylbenzo[a]anthracene. 
Quantification of methylated PAHs with equal molecular weights as a group using 
the same relative response factor can thus overestimate or underestimate their 
concentrations and, therefore, the toxicological risk of an environmental sample. 
A two-dimensional gas chromatography method was developed with which 
methylated PAHs were quantified in Elbe River sediment. Fourteen methylated PAHs 
(MW=242) could be separated. Twelve of them were identified and quantified in Elbe 
River sediment.
3
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Introduction
Alkylated polycyclic aromatic hydrocarbons (alkyl-PAHs) are ubiquitously present in 
the environment; they were identified and partially quantified in sediments, crude oil, 
automobile exhaust, wood combustion products and food1–10.  Anthropogenic sources 
of alkyl-PAHs are mostly of petrogenic origin11; the ratios of the alkyl-homologues to the 
parent PAHs can be used as an indicator of petrogenic/pyrogenic PAH distribution12 and 
as a weathering indicator6.
We were able to identify alkyl-PAHs with different parent PAHs and different alkylation 
levels in River Elbe sediment13. The contribution of alkyl-PAHs to the toxic activity of 
environmental PAH mixtures has already been acknowledged2,7–9 and the detailed 
toxicological profiling of some individual homologues is also available14–18. It has been 
often concluded that alkyl-PAHs form a toxicologically hazardous group although they 
are not fully recognized as dangerous pollutants. Brack and Schirmer postulated that the 
hazard environmental assessment should focus more on methylated PAHs than on their 
parent compounds7.
Identification and quantification form the biggest obstacle in assessing 
environmental risks of alkyl-PAHs. They can neither be fully separated by gas nor by liquid 
chromatography and their standards are poorly available. Individual isomers coelute and 
mass spectrometric detection does not improve the situation, because the spectra of the 
isomers are identical. Therefore, alkyl-PAHs are usually identified and quantified as a whole 
group of isomers with the same degree of alkylation2–5,12,19,20. Because of that insufficient 
separation, the toxic potency of the sample may be significantly over- or underestimated. 
Different alkyl-PAHs can cause different toxic effects and, additionally, chromatographic 
response factors (different for every congener) may influence quantification. In order 
to assess environmental risks, congener-specific analysis is required. In this study, a 
two-dimensional gas chromatography (GCxGC) method with mass spectrometric (MS) 
detection is applied to improve the separation of the methylated homologues (MW=242) 
of chrysenes (1–6MC), benzo[c]phenanthrenes (1–5MBP) and benzo[a]anthracenes (1–
12MBA) from each other and from other possible interferences. These homologues were 
chosen in this study because of their abundant occurrence in environmental samples and 
toxic responses that were confirmed in several Effect Directed Analysis (EDA) studies2,7,8. In 
in vivo studies 5MC, 7MBA and 12MBA appear to be strong carcinogens14 and the tumor-
initiating ability was reported for 6MBA, 9MBA, 6MC and 3MC15,17,21.
102   |   Chapter 3
Experimental section
Materials
The methyl-PAH standard solutions of 1MC, 2MC, 3MC, 4MC, 6MC, and 1–12MBA in 
isooctane were obtained from Dr. M. Machala (Veterinary Research Institute, Brno, Czech 
Republic). Chrysene, 5MC, 1MBP, 2MBP, 3MBP, 4MBP, 5MBP and deuterated benzo[a]
anthracene (neat products) were purchased from Sigma Aldrich. All solvents used 
(isooctane, hexane, acetone) were obtained in picograde quality from Promochem, Wesel, 
Germany.
Standard solutions
The separation method was developed using individually prepared 10 µg/mL 
standards and standard solutions of methyl-PAHs.
Relative response factors were determined using standard solutions of methyl-PAHs 
prepared within the concentration range of 1.2–24.0 µg/mL and spiked with 1.8 µg/mL 
stock solution of chrysene.
Methyl-PAHs in the River Elbe sediment samples were quantified using calibration 
mixtures containing benzo[c]phenanthrene, benzo[a]anthracene, triphenylene, chrysene, 
naphthacene, 2MBP, 3MBP, 4MBP, 5MBP, 2MBA, 7MBA, 9MBA, 10MBA, 1MC, 2MC, 3MC and 
5MC within the concentration range of 1.2–50.0 µg/mL and spiked with 50 µL of a 22 µg/
mL stock solution of deuterated benzo[a]anthracene (internal standard).
Sediment samples
River Elbe surface sediment samples were collected on April 2005  at  Prelouč  in  the 
Czech  Republic.  Sediment  from  this location was analysed previously within the scope 
of the MODELKEY project13. The top 5 cm of sediment was sampled with a Van Veen grab, 
sieved (<63 mm), homogenized, and freeze-dried prior to the analysis.
Extraction
Two grams of sediment was spiked with deuterated benzo[a]anthracene (internal 
standard) and mixed with ca. 2 g Na2SO4 and small glass pellets in a glass extraction 
thimble. The thimble was placed in a Soxhlet extractor and the sediment was extracted 
with 150 mL hexane–acetone (1:1 v/v) for 12 h. The extract was carefully reduced to about 
2 mL on a rotary evaporator (Heidolph) with iso-octane as a keeper. The final solvent was 
iso-octane.
Fractionation
The extracted compounds were separated into two fractions, depending on their 
polarity, on an open glass column filled from bottom-up with glass wool, 2 g Cu/silica (1:1 
w/w; both silica and Cu activated), 5 g aluminium oxide (activated), 4 g silica (activated) 
3
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and ca. 0.5 g Na2SO4. Compounds were eluted with solvents of increasing polarity into 
two fractions: 5 mL hexane (discharge)  and  100  mL  dichloromethane–hexane (3:1). 
The aliquots were gently evaporated on a rotary evaporator to ca. 1 mL and transferred 
to GC-vials. They were further evaporated to almost dryness and re-dissolved in 1 mL of 
isooctane.
Analysis with GC×GC-FID
The GC×GC system was built from a HP 6890 (Hewlett-Packard, USA) GC with a 
standard FID detector. The GC was equipped with an air modulator assembly consisting 
of two air jets (custom-made at the VU University, Amsterdam, Netherlands). Pressurized 
air was used for cooling.
The GC columns used in the first and second dimensions are listed in Table 1. All 
column connections were made by means of press-fit connectors (Techrom, Purmerend, 
the Netherlands).
Modulation was performed at the beginning of the second column with a modulation 
period of 5 s. Helium (99.999%) was used as a carrier gas with a velocity of 1.1 mL/min. 1 
µL injections were made using an auto sampler with the injector operated in the splitless 
mode at 280°C; the purge time was 2 min. The GC-oven program was as follows: 90°C for 
2 min, 20°C/min to 200°C and then 1.5°C/min to the final temperature of 320◦C (10 min).
The GC×GC-FID system was used for the development of the analytical method.
Table 1. Overview of first- and second-dimension columns used.
Commercial
code
Stationary phase Temperature 
limita (◦C)
Dimensions 















30 x 0.25 x 0.25
60 x 0.25 x 0.25
30 x 0.25 x 0.25










50%  Liquid  crystalline-
methylpolysiloxane





1 x 0.10 x 0.10
1.5 x 0.10 x 0.10




a Maximum isothermal temperature/maximum programmed temperature. b J&K Scientific, 
Folsom, USA; SGE International, Rinwood, Australia; Quadrex, New Haven, USA; J&K 
Environmental, Milton, Canada.
Analysis with GCxGC-MS 
The GCxGC system was built from a Clarus 500 MS (Perkin Elmer, Shelton, CT, USA). 
The GC was equipped with an air modulator assembly consisting of two air jets (custom-
made at the VU University, Amsterdam). Pressurized air was used for cooling. A 60 m 
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DB-5 column (J&K Scientific; 60 m x 0.25 mm x 0.25 mm) was used in the first dimension, 
which separates on the basis of volatility. This column was combined with a 1.5 m LC-
50 column, allowing polarity-based separation and group-type separation. The columns 
were connected with mini press-fits (Techrom). Modulation was performed at the 
beginning of the second column with a modulation period of 7 s. Helium (99.999%) was 
used as a carrier gas with a velocity of 1.3 mL/min. 1 µL injections were automatically 
made with the PTV injector operated in the splitless mode at 300°C. The GC-oven program 
was as follows: 90°C for 2 min, at 20°C/min to 200°C, at 1°C/min to 295°C and then at 
25°C/min to the final temperature of 320°C (5 min). The temperature of the transfer line 
was 300°C. The MS was tuned and calibrated in the electron ionization (EI) mode using 
heptacosafluorotributylamine (Fluka Chemie, Buchs, Switzerland) as a reference gas. The 
ion source temperature was 250°C; the electron energy was 70 eV. The MS was operated 
in the Total Ion Current (TIC) and Selected Ion Monitoring (SIM) modes. Identification and 
quantification of methylated PAHs with GCGC was performed in SIM mode (240 and 242 
m/z) with a dwell time of 0.01 s. Deuterated benzo[a]anthracene (Aldrich) was used as 
an internal standard. Determination of relative response factors (RRFs) of twenty three 
methyl-PAHs (MW=242) with reference to chrysene (Mw=282) was performed in SIM 
mode (228 and 242 m/z). Data acquisition was performed using TurboMass software 
(Perkin Elmer). The GCxGC-MS system was used for identification and quantification of 
methyl-PAHs in the River Elbe sediment.
Results and discussion 
Development and optimization of the chromatographic separation me-
thod of methyl-PAHs 
The chromatographic separation method was developed using a GCxGC-FID system, 
because GC coupled to a FID detector enabled us to change the columns without a long 
delay for system stabilization (this is the case in a GC-MS system). The chromatographic 
separation method was developed using standard solutions of twenty-three methyl-PAHs 
with a molecular weight of 242. Four columns were tested to improve the separation in 
the first dimension: DB-5 30 m, DB-5 60 m, DB-XLB 30 m and HT-8 50 m (for details see 
Supporting Information). The extended DB-5 column (60 m) gave the best separation; it 
allowed full separation of seven homologues: 1MBP, 2MBP, 3MBP, 3MC, 5MC, 1MC and 
10MBA. DB-XLB allowed separation of five homologues (1MBP, 2MBP, 3MBP, 1MC and 
10MBA) and HT-8 four homologues (1MBP, 2MBP, 3MBP and 10MBA).
To test the separation in the second dimension DB-5 (60 m) was coupled with 007-
65HT (1.2 m) and LC-50 (1.5 m). The DB-5 (60 m) LC-50 (1.5 m) column combination allowed 
complete separation of eleven homologues and partial separation of two homologues 
out of twenty-three injected compounds. Nine homologues still coeluted, in three groups: 
3
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8MBA + 11MBA, 4MBA + 6MBA and 4MC + 5MBA + 3MBA + 12MBA + 6MC. Relative 
response factors of the individual homologues Methylated PAHs are usually quantified as 
groups of homologues with the same degree of alkylation (e.g. C1, C2, etc.)4,9,19,22. This is 
a rough approach, in which it is assumed that the chromatographic response factor of all 
methylated homologues is the same. However, this assumption is not correct. The relative 
response factors (RRFs) of twenty-three methyl-PAHs with a molecular weight of 242, with 
response to chrysene, were determined on GCxGC-MS using the following equation: 
RRF = (AAMC)/(MAAC)              (1)
where AA = chromatographic area of the injected methyl-PAH, AC = chromatographic area 
of the chrysene, MA = mass of the injected methyl-PAH, and MC = mass of the injected 
chrysene. We established that the chromatographic response of MCs, MBAs and MBPs 
with reference to chrysene ranges from 0.1 for 12MBA and 4MBP to 1.7 for 6-MBA (see 
Table 2). Consequently, quantification of not fully separated methylated PAHs using the 
same response factor for all homologues gives unreliable analytical results.
Table 2. Relative response factors (RRFs) of methylated PAHs relative to chrysene. Monitored 
ions: 228 and 242 m/z.
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Identification and quantification of methylated benzo[c]phenanthrenes, 
chrysenes and benzo[a]anthracenes 
The separation method developed on GCxGC-FID was further optimized on GCxGC-
MS using a River Elbe sediment extract spiked with 23 methylated PAH homologues. The 
best response for methyl-PAHs was obtained with an injector temperature of 300°C and 
a source temperature of 250°C. The modulation time was extended to 7 s because of the 
use of a slightly longer second dimension column  (2 m instead of 1.5 m). The second 
dimension column was extended because of the wrap-around effect observed in the 
sediment sample. The wrap-around was most probably caused by the matrix effect (see 
Fig. 1). 
River Elbe sediment, un-spiked and spiked with 23 methylated PAH homologues, 
was analysed by GCxGC-MS in the SIM mode scanning for masses 242 (methyl-PAHs), 
240 (deuterated benzo[a]anthracene internal standard) and 228 (parental PAHs). In the 
un-spiked Elbe River sediment five PAHs with MW=282 and twelve methyl-PAHs with 
MW=242 were identified and quantified (see Fig. 2 and Table 3). 
The peaks of the unresolved homologues were also recognized; these coeluting 
compounds are possibly also present in River Elbe sediment: 8MBA and/or 11MBA (two 
coeluting homologues), 4MBA and/or 6MBA (two coeluting homologues), 4MC and/or 
5MBA and/or 3MBA and/or 12MBA and/or 6MC (five coeluting homologues). 1MC and 
1MBA are not present in the sediment. 
The potent toxic homologues 9MBA and 7MBA14,15 were not separated in one-
dimensional GC. They coelute on all columns tested in this study. The use of the second 
dimension allowed us to separate and quantify them. The concentration of 9MBA is 
almost equal to the concentration of the parent benzo[a]anthracene. The response factor 
of 9MBA is more than 2-fold higher than the response factor of 7MBA (see Table 2) but 
usually, when calculating the concentrations of methylated PAHs, these compounds are 
calculated as a group. Only in two EDA studies of Brack et al.7,8 9MBA was quantified as a 
distinct congener in toxic fractions. 
The concentration of 9MBA (591 ng/g dry weight) found in Elbe sediment in this study 
was substantially higher than the concentrations in sediments of the rivers Mulde and 
Neckar (Germany) reported by Brack et al. (92 ng/g and 340 ng/g)7,8. 
The potentially toxic homologues 6MC, 8MBA and 12MBA14 may be present in the 
sediment but they are coeluting with other compounds. 12MBA and 6MC are coeluting 
with 4MC, 5MBA and 3MBA. The response factors of homologues coeluting in this group 
range from 0.1 (12MBA) to 1.0 (5MBA); quantification using one response factor for the 
whole group gives unreliable results. 
It is theoretically possible to identify and quantify 12MBA when changing the first 
dimension column from 60 m DB-5 to HT-8. In that setup 12MBA would elute earlier (see 
Supporting Information) and could be separated in the second dimension from 2MC and 
5MC. 
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When applying DB-XLB in the second dimension after DB-5 one can estimate a 
concentration of 6MC; it will coelute with 5MC on DB-XLB but 5MC can be quantified on 
a 60 m DB-5 60 column. 
There are five additional homologues of methylated PAHs with mass 242: three 
methylated naphthacenes and two methylated triphenylenes. However, standards 
of these compounds are commercially not available so the identification of these 
compounds was not possible in this study. It is probable though that some of these 
compounds are present in the River Elbe sediment because of the presence of peaks 
with mass spectra that are similar to the spectra of MC, MBA or MBP. Furthermore 
naphthacene and triphenylene are present in the sediment (Fig. 2) which suggests 






Figure 1. GC×GC-FID chromatogram of 23 homologues of methyl-benzo[c]phenanthrenes 
(MBP), methyl-chrysenes (MC) and methyl-benzo[a]anthracenes (MBA) obtained on DB-5 (60 
m) × LC-50 (1.2 m).






Figure 2. GC×GC-MS chromatogram of an un-spiked River Elbe sediment obtained in SIM mode 
(masses 242 and 240) on DB-5 (60 m) × LC-50 (2.0 m). MBP: methyl-benzo[c]phenanthrenes, 
MC: methyl-chrysenes, and MBA: methyl-benzo[a]anthracenes.
Table 3. Concentrations of PAHs and methylated PAHs with MW=242 in River Elbe sediment


































Below limit of quantification
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Conclusions 
In this study we have demonstrated that the relative response factors of MBAs, 
MBPs and MCs range from 0.1 for 12MBA and 4MBP to 1.7 for 6MBA. Quantification of 
methylated PAHs with equal molecular weights as one group using the same relative 
response factor can thus overestimate or underestimate their concentrations and, 
therefore, the toxicological risk of an environmental sample. GCGC-MS allows the 
separation and quantification of fourteen methylated homologues, most of which 
coelute in one dimension. 
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Four columns were tested to improve the separation in the first dimension of methyl-
PAHs: DB-XLB 30 m, HT-8 50 m, DB-5 30 m and DB-5 60 m,
The separation of five methyl-benzo[c]phenanthrenens on the four columns was similar. 
The different chromatographic separations of twelve methyl-benzo[a]anthracenes (1-
12MBA) and six methyl-chrysenes (1-6MC) are presented in Figures 1-4.
Figure 1. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and 
methyl-benzo[a]anthrecenes (1-12MBA) obtained on DB-XLB (30m).
Figure 2. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and 
methyl-benzo[a]anthrecenes (1-12MBA) obtained on HT-8 (50m).
Four columns were tested to improve the separation in the first dimension of methyl-PAHs: DB-XLB 30 m, 
HT-8 50 m, DB-5 30 m and DB-5 60 m,  
The separation of five methyl-benzo[c]phenanthrenens on the four columns was similar. The different 
chromatographic separations of twelve methyl-benzo[a]anthracenes (1-12MBA) and six methyl-chrysenes 
(1-6MC) are presented in Figures 1-4. 
Figure 1. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and methyl-benzo[a]anthrecenes 
(1-12MBA) obtained on DB-XLB (30m).  
Figure 2. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and methyl-benzo[a]anthrecenes 
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Figure 3. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and 
methyl-benzo[a]anthrecenes (1-12MBA) obtained on DB-5 (30m).
Figure 4. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and 
methyl-benzo[a]anthrecenes (1-12MBA) obtained on DB-5 (60m).
Figure 3. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and methyl-benzo[a]anthrecenes 
(1-12MBA) obtained on DB-5 (30m). 
Figure 4. GC-FID chromatogram of eighteen homologues of methyl-chrysenes (1-6MC) and methyl-benzo[a]anthrecenes 
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Retention behaviour of alkylated 
and non-alkylated polycyclic 
aromatic hydrocarbons on different 
types of stationary phases in gas 
chromatography
Ewa Skoczyńska, Jacob de Boer





The gas chromatographic retention behaviour of 16 polycyclic aromatic 
hydrocarbons (PAHs) and alkylated PAHs on a new ionic liquid stationary phase, 
1,12-di(tripropylphosphonium) dodecane bis(trifluoromethanesulfonyl)imide (SLB®-
ILPAH) intended for the separation of PAH mixtures, was compared with the elution 
pattern on more traditional stationary phases: a non-polar phenyl arylene (DB-5ms) 
and a semi-polar 50% phenyl dimethyl siloxane (SLB PAHms) column. All columns 
were tested by injections of working solutions containing 20 parental PAHs from 
molecular weight of 128 to 278 g/mol and 48 alkylated PAHs from molecular weight 
of 142 to 280 g/mol on a one dimensional gas chromatography-mass spectrometry 
(GC-MS) system. The SLB PAHms column allowed separation of most isomers. The 
SLB®-ILPAH column showed a rather different retention pattern compared to the 
other two columns and, therefore, provided a potential for use in comprehensive 
two-dimensional GC (GC×GC). The ionic liquid column and the 50% phenyl column 
showed good thermal stability with a low bleed profile, even lower than that of the 
phenyl arylene “low bleed” column.
4
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Introduction
Ubiquitously present in the environment, polycyclic aromatic hydrocarbons (PAHs) 
originate from natural and anthropogenic incomplete combustion processes. They are 
present in air, food, water and soil. Nowadays, the PAHs originating from anthropogenic 
activities are unarguably predominant compared to those originating from natural 
sources. Humans are exposed to PAHs in almost every aspect of everyday life and, 
therefore, PAHs are among the most studied chemicals. During the last 50 years, the 
procedures for the determination of individual PAHs in complex environmental mixtures 
have been extensively developed and improved. In 1976, 16 specific PAHs were selected 
for regulation by the United States Environmental Protection Agency (U.S. EPA); the 
historical perspectives regarding the choice of these 16 EPA PAHs can be found in an 
article by Keith1.
In 2002, the toxicities of 33 PAHs were assessed by The European Scientific Committee 
on Food and 15 PAHs showed clear evidence of mutagenicity/genotoxicity. Fourteen 
of these 15 PAHs showed clear carcinogenic effects in various types of bioassays and in 
experimental animals2. Seven of these carcinogenic PAHs in the Scientific Committee on 
Food study are also contained in the EPA’s set of 16 PAHs, while the additional seven are: 
benzo[j]fluoranthene, cyclopenta[cd]pyrene, dibenzo[a,e]-, dibenzo[a,h]-, dibenzo[a,i]-, 
dibenzo[a,l]pyrene and 5-methylchrysene. In 2006, the Joint FAO/WHO Expert Committee 
on Food Additives (JECFA) concluded that benzo[c]fluorene is probably also carcinogenic3. 
This shows that the list of the toxic and environmentally relevant PAHs is still growing. 
In non-occupational settings, food is the main source of human exposure to PAHs, 
followed by cigarette smoke, which in some cases may result in PAH exposure on par 
with the food uptake route4,5. Other important exposure routes include traffic related air 
pollution and all kinds of occupational exposures. Nonetheless, the new possible exposure 
pathways are still being identified: e.g. synthetic turf materials used on football fields6.
The analysis of PAHs is generally based on gas chromatography (GC) rather than on 
liquid chromatography (LC) because GC allows greater selectivity, resolution and sensitivity 
than LC7,8. The GC systems are commonly coupled with flame ionization detectors (FID) 
or mass-spectrometric detectors (MS). The GC analysis was conventionally based on 
non-polar stationary phases operated at relatively high temperatures8,9. The 5% phenyl 
methylpolysiloxane phase (like in the DB-5 column) is still the most often applied one in 
PAHs analysis and it has also been recommended in a number of US-EPA methods, e.g. US 
EPA method 61010. Since the 1990s, high phenyl content stationary phases have been more 
frequently used, e.g. described by the producers as “50% phenyl methylpolysiloxane-like” 
DB-17MS8,11, Rxi-PAH12 or SLB PAHms13.
Some years ago, a new group of stationary phases, based on non-bonded ionic 
liquids (IL) was introduced14,15. Based on non-molecular solvents with low melting points, 
these stationary phases consist of organic cations plus inorganic or organic anions16 and, 
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therefore, the IL columns enable chromatographic separation based on a selectivity 
different to that provided by conventional stationary phases. Some IL columns can 
exhibit “dual nature” features; they allow separation of non-polar molecules as non-polar 
stationary phases do, while at the same time they have a high affinity for polar molecules 
like polyethylene glycol (wax) and cyanopropyl-siloxane stationary phases. The IL columns 
are more polar than the wax columns but they have higher thermal stability compared to 
traditional siloxane phases with a similar selectivity because they are not susceptible to 
back-biting reactions that result in phase degradation and column bleed14. Siloxane-based 
stationary phases contain active hydroxyl groups at the terminal positions; this makes 
them sensitive to the oxygen catalysed cleavage of backbone siloxane. The siloxane chain 
then breaks to volatile cyclic siloxanes that elute from the column as “bleed” and results 
in a rising baseline. 
So far, the chromatographic properties of the IL columns have only been investigated 
in a few studies. The IL columns have been used for the separation of different classes of 
environmental pollutants, like polybrominated diphenyl ethers (PBDEs), polychlorinated 
biphenyls (PCBs) and other chlorinated compounds17,18, alkyl phosphates, fatty acids, 
and petroleum distillates19. A new IL column, SLB®-ILPAH, intended for the separation of 
PAHs mixtures, recently became commercially available. This column has already been 
tested in terms of the retention behaviour of alkyl-substituted polycyclic aromatic sulphur 
heterocyclic isomers13.
In this study, we investigated the retention behaviour of PAHs and alkylated PAHs 
on the SLB®-ILPAH column and two stationary phases traditionally used for the PAH 
analysis: a low bleed column with a phenyl arylene polymer that is virtually equivalent to 
a (5%-phenyl)-methylpolysiloxane (DB-5ms) and a high phenyl content column denoted 
as 50% phenyl-dimethylpolysiloxane (SLB PAHms). The difference between the arylene 
column and a 5% phenyl-dimethylsiloxane column is that in the arylene column, the 
phenyl ring is built in the siloxane chain, whereas in the phenyl-dimethylsiloxane phase, 
the phenyl rings are positioned as substituents (side chains). Alkylated PAHs were selected 
because numerous isomers of these compounds are currently targeted in analyses of 
environmental samples. 
Alkylated PAHs are recognized as environmental pollutants although they are still not 
regularly included in the analysis of priority PACs (e.g. 16 EPA PAHs). They are ubiquitously 
present in the environment and are often more toxic than the parental PAHs20,21. Alkylated 
PAHs have been found in the toxic fractions in several Effect Directed Analysis (EDA) 
studies22-25. 5-methylchrysene, 1-methylpyrene and 7,12-dimethylbenzo[a]anthracene, 
as confirmed toxic compounds, are being included more and more in standard PAH 
analyses26,27. A list of 34 PAHs (18 parental PAHs and 16 alkylated), has been recommended 
for toxicological screenings by the US EPA28. In addition to the 16 traditional EPA PAHs, 
the list of 34 PAHs includes perylene, benzo[e]pyrene and 16 groups of C-1 to C-4 alkyl 
derivatives.
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The determination of alkylated PAHs in complex environmental samples is problematic 
because of numerous coeluting isomers19,29. It is not possible to separate all isomers of 
heavier PAHs in a single chromatographic run on one column but two-dimensional GC-
MS analysis (GC×GC-MS) could offer a solution. GC×GC can only be fruitful if the two 
columns used in series are (semi-) orthogonal, or, as chemically different from each other 
as possible. Therefore, an assessment of new and different stationary phases with different 
separation mechanisms was needed.
This study investigates the retention behaviour of 20 parental PAHs from molecular 
weight (MW) 128 to 278 g/mol and 48 alkylated PAHs on three stationary phases. The 
isomeric sets of alkyl PAHs investigated here are: methyl- and dimethyl-naphthalenes (128-
C1, 128-C2), methyl- phenanthrenes and anthracenes (178-C1), methyl-fluoranthene and 
pyrene (202-C1), methyl- and dimethyl-benzo[a]anthracenes, benzo[c]phenanthrenes 
and chrysenes (228-C1, 228-C2) and methybenzo[a]pyrenes (252-C1).
Materials and Methods 
Table 1 shows the characteristics of the three stationary phases that were tested 
in this study. The columns SLB PAHms and SLB®-ILPAH (both from Supelco, Bellefonte, 
Pennsylvania, USA) were made available by Sigma Aldrich (Zwijndrecht, the Netherlands) 
and the DB-5ms was bought from Agilent, the Netherlands. The parental and alkylated-
PAHs standard solutions and pure compounds (Table 2) were purchased from Sigma 
Aldrich (Zwijndrecht, the Netherlands). All solvents used (isooctane and toluene) were 
obtained in picograde quality from Merck Millipore (Amsterdam, the Netherlands).
Table 1. Stationary phases and their characteristics.
GC column Stationary phase Dimensions Max. temp. isotherm/programmed
VDB-5ms 
Phenyl Arylene polymer, virtually 
equivalent to 5%-phenyl-
methylpolysiloxane
30 m × 0.25 mm 
× 0.25 µm 300/320 °C
SLB PAHms 
(Supelco)
Denoted as 50% phenyl 








20 m × 0.18 mm
 × 0.05 µm
300/300 °C
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All standards were gravimetrically prepared in toluene and isooctane. The working 
solutions were prepared by mixing appropriate volumes from the individual stock 
solutions. Analyses were performed on an Agilent 6890 gas chromatograph coupled to an 
Agilent 5975C inert MSD with a Triple-Axis Detector. All injections were performed in the 
splitless mode (1 µL; splitless time 1.4 min) at 275 °C and with MS operating in total ion 
current mode. The oven temperature programs were set as follows: 
DB-5ms and SLB-PAH: isothermal at 90 °C for 10 min, then with 5 °C/min to 300 °C, 
SLB®-ILPAH: isothermal at 90 °C for 6 min, then with 5 °C/min to 300 °C.
The temperature programs were optimized in order to compare the elution order and 
peak resolution between the columns. 
The SLB®-ILPAH is commercially available in dimensions different from the “standard” 
dimensions (Table 1) as discussed in the Results and discussion section.
Results and discussion
The retention times and the relative retention times to pyrene of all parental PAHs 
and alkylated PAHs injected on the three columns are presented in Table 2. This table 
also shows the coelutions of the isomers having similar mass spectra (see coloured cells). 
The coelutions of PAHs that are not isomers (e.g. the coelution of 7,12-dimethylbenzo[a]
anthracene and benzo[b]fluoranthene or 2-methyl-benzo[c]phenanthrene and benzo[a]
anthracene on the SLB PAHms column) were not marked here because these compounds 
have different mass spectra and can be separated by the MS detector. However, the 
interferences of the fragment ions of the overlapping compounds with different base 
peak ions must be taken into account for accurate quantitation.
The elution order of the PAHs and the alkyl-PAHs on the phenyl arylene and the 50% 
phenyl-polysiloxane stationary phases is rather similar. However, the elution order on 
the SLB-ILPAH is different; these differences will be discussed below. The advantages and 
shortcomings of the three studied columns are briefly summarized in Table 3. 
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Table 3. Chromatographic characteristics of the three columns: DB-5ms, SLB PAHms and 
SLB-ILPAH.
GC columns Phenyl arylene 50% phenyl polysiloxane SLB-ILPAH
Overlap > 90% 12 peaks 11 peaks 19 peaks
90% > overlap > 50% 7 peaks 2 peaks 3 peaks
Overlap < 50% 4 peaks 4 peaks 1 peak
Peak shape Good Good Good
Analysis time Long Long Shorter than on the other two columns
Bleeding Substantial bleeding above 260 °C
No bleeding till 
300 °C No bleeding till 300 °C
The least polar column, phenyl arylene, shows an overlap of 19 isomers at more than 
50% of the peak height and of 4 isomers at less than 50% of the peak height. Chrysene, one 
of the 16 EPA PAHs, coelutes with triphenylene but the rest of the 16 EPA PAHs are totally 
resolved. This column showed the best separation of dimethylnaphthalenes (Figure 1); 
1,3- and 1,6-dimethylnaphthalenes were separated on this column only. Figure 1 shows 
that the dimethylnaphthalenes formed a co-eluting peaks’ cluster on the ionic liquid 
column while on the siloxane-based columns they were much better separated. Figure 
1 also shows that compared to the phenyl arylene column, the 50% phenyl-polysiloxane 
column shows a substantially better separation of the injected isomers. Table 2 shows that 
on this column only 13 isomers overlapped at more than 50% of the peak height and four 
isomers overlapped at less than 50% of the peak height.
4
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Figure 1. Elution order of dimethylnaphthalenes, trimethylnaphthalene, acenaphthylene 
(Al), acenaphthene (At) on phenyl arylene (1), 50% phenyl-polysiloxane (2) and SLB-ILPAH (3) 
stationary phases. For abbreviations see Table 2.
Figure 2A shows that chrysene and triphenylene were partly separated on the 50% 
phenyl-polysiloxane column while they coeluted at the phenyl arylene column. The 
separation of these isomers is comparable to the separation achieved on the Rxi-PAH 
column (50% phenyl methylpolysiloxane-like phase) used for the PAHs analysis by Nalin 
et al.12. The study of Poster et al.8 showed that chrysene and triphenylene coelute on the 
comparable DB-17MS stationary phase (50% phenyl methyl-polysiloxane-like phase), are 
partly resolved on the non-polar DB-XLB column (proprietary phase) and totally resolved 
on the LC-50 column (dimethyl/50% liquid crystalline phase). Figure 2A shows that 
chrysene and triphenylene are totally resolved on the IL column.
In Figure 2B we see that all isomers of methylated phenanthrenes and anthracenes 
were separated on the 50% phenyl-polysiloxane column, while some of these isomers 
coeluted on the phenyl arylene and on the SLB-ILPAH column. The IL column also 
demonstrated the different mechanism of retention; 4,5-methylenephenanthrene eluted 
before the methylated phenanthrenes and anthracenes (178-C1).
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Figure 2. Elution order of 228-PAHs (A) and ethyl- anthracenes and phenanthrenes and 
4,5-methylenephenanthrene (B) on phenyl arylene (1), 50% phenyl-polysiloxane (2) and SLB-
ILPAH (3) stationary phases. For abbreviations see Table 2.
Figure 3 shows that the best separation of 17 methylated benzo[a]anthracenes, 
benzo(c)phenanthrenes and chrysenes isomers (228-C1) was achieved on the 50% phenyl-
polysiloxane column; only seven isomers coeluted at more than 90% of the peak height 
while the remaining 10 isomers were at least partly resolved (Table 2). This separation 
was better than the separation achieved on the phenyl arylene column, where 11 of 
these isomers coeluted, as well as on the SLB-ILPAH column, where 10 of these isomers 
coeluted. The number of the observed coelutions might be reduced by increasing the 
lengths of the tested columns, reducing the internal diameters and/or by improving the 
applied temperature programs with stable temperature periods around the elution times 
of isomeric clusters. 
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Figure 3. Elution order of methyl-benzo[a]anthracenes, chrysenes and benzo[c]phenanthrenes 
and dimethylbenzo[c]phenanthrenes on phenyl arylene (1), 50% phenyl-polysiloxane (2) and 
SLB-ILPAH (3) stationary phases. For abbreviations see Table 2.
The commercially available SLB-ILPAH column was 2/3 the length of the two other 
columns. The internal diameter was 3/4 of that of the other two and the film thickness 1/5 of 
that of the two other columns, which made the separation substantially faster. However, it 
is not possible to compare the dimensions of the IL column to the siloxane-based columns 
directly because of the different nature of an IL coating resulting in the different type of 
interactions between the analytes and the stationary phase. This IL phase shows stronger 
retention for heavier PAHs (Table 2); the relative retention times of the heavier PAHs on this 
column are higher than on the phenyl arylene and the 50% phenyl-polysiloxane columns. 
The SLB-ILPAH phase also showed some interesting elution shifts: 1,12-dimethylbenzo(c)
phenanthrene (228-C2) eluted before benzo[a]anthracene and other PAHs with MWs of 
228 g/mol and 1-methylbenzo[c]phenanthrene (228-C1) eluted before 1-methylpyrene 
(202-C1). Also, the elution order of four PAHs from the 16 EPA PAHs-group on this IL column 
is different compared to the elution on the two siloxane-based columns: acenaphthylene 
elutes before acenaphthene and dibenzo[a,h]anthracene elutes before indeno[1,2,3-cd]
perylene on the SLB-ILPAH column. However, the overall separation of the isomers on the 
SLB-ILPAH phase is not as good as on the other two phases: 22 isomers overlap at more 
than 50% of the peak height. A huge advantage of this column is the total separation of 
chrysene from triphenylene (Figure 2A). Yet, Figure 4 shows that the highly carcinogenic 
benzo[a]pyrene, another PAH belonging to the group of the 16 EPA PAHs, coeluted 
with benzo[e]pyrene. Both isomers are separated on the phenyl-siloxane column, while 
benzo(a)pyrene coelutes with 8,9,11-trimethylbenzo[a]anthracene. Priority toxicant 
5-methylchrysene was totally separated on this column while on the other two columns 
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it could not be totally resolved from other isomers (Figure 3). The SLB-ILPAH column also 
managed to separate 1-methylbenzo[a]anthracene and 4-methylchrysene; these isomers 
(partially) coelute on the other two columns. It is plausible that increasing the length of 
this column to 30 m may somewhat improve the observed coelutions, but it is unlikely the 
pattern would improve so much that it would equal that of the other two columns.
Overlap of 3-methylbenzo[a]anthracene with 5-methylbenzo[a]anthracene and 
4-methyl-benzo[a]anthracene with 6-methylbenzo[a]anthracene was observed on all 
three columns (Figure 3). It is worth noting that these isomers could not be separated by 
GC×GC-MS with different column combinations either29. The DB-5 (60 m)×LC-50 (1.2 m) 
column combination tested by Skoczynska et al.29 in the analysis of the 228-C1 methylated 
PAHs was able to separate in the second dimension 7-methylbenzo[a]anthracene from 
9-methylbenzo[a]anthracene isomers, two compounds that coelute on the DB-5ms and 
the 50% phenyl-polysiloxane. Significant differences in selectivity between the LC-50 and 
the Rxi-PAH (50% phenyl comparable to the SLB PAHms phase) were shown in the study 
of Nalin et al.12. The elution pattern of methylchrysenes (228-C1) and methylbenzo[a]
pyrenes (252-C1) obtained on Rxi-PAH by Nalin et al. is similar to the pattern obtained 
on the 50% phenyl-polysiloxane in this study (even though Nalin et al. analyzed more 
isomers). Coupling of LC-50 in the second dimension with 50% phenyl-polysiloxane in 
the first dimension could, therefore, result in orthogonal separation of the coeluting 
isomers (e.g. 7-methylbenzo[a]anthracene from 9-methylbenzo[a]anthracene). The SLB-
ILPAH shows the strongest deviation in the retention pattern due to a different type of 
interactions between the analytes and the stationary phase than in the other two columns 
studied. Therefore, using this column together with 50% phenyl-polysiloxane may result 
in orthogonal separation of different PAHs isomers in one GC×GC run. Because of the 
”dual nature” of the IL columns, the coupling of a “standard” 50%-phenyl polysiloxane 
column with an IL column in a GC×GC analysis will almost certainly result in an improved 
separation of the PAHs isomers; a follow-up study may include the evaluation of ionic 
liquid stationary phases with different polarity coupled to a 50% phenyl-polysiloxane 
column.
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Figure 4. Elution order of benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, 
benzo[a]pyrene and methylbenzo[a]pyrenes on phenyl arylene (1), 50% phenyl-polysiloxane 
(2) and SLB-ILPAH (3) stationary phases. For abbreviations see Table 2.
Very little tailing was observed and the peak shapes obtained on all three columns 
were satisfactory (Figures 1–4). The variation in response obtained on the three columns 
was relatively small.
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Figure 5 shows the column bleed of the three phases: the bleeding of the 50% 
phenyl-polysiloxane and the SLB-ILPAH phases were comparable and several times 
lower than the bleeding of the phenyl arylene “low bleed” stationary phase.
 
Figure 5. Bleeding of three columns (T max = 300): phenyl arylene (black), 50% phenyl-
polysiloxane (blue) and SLB-ILPAH (red) stationary phases.
Conclusion
None of the three columns tested offers a complete separation of the injected PAH 
and methyl-PAH isomers. On the SLB-ILPAH column 22, isomers overlapped at more than 
50% of the peak height. The phenyl arylene column showed an overlap of 19 isomers and 
the 50% phenyl-polysiloxane phase of 13 isomers. Also, none of the columns was able 
to totally resolve all 16 EPA PAHs. The 50% phenyl-polysiloxane column showed the best 
overall resolving power and is, therefore, currently considered the best option for the PAH 
and methyl-PAH analysis.
However, the SLB-ILPAH column is interesting because of a strongly deviating elution 
pattern, which is due to the different type of interactions between the analytes and the 
stationary phase. That makes the ionic liquid column interesting for specific separations 
that cannot be obtained on one of the other two columns or possibly on other traditional 
phases. A huge advantage of the ionic liquid column is, for example, the total separation of 
chrysene from triphenylene. An additional advantage is that using this ionic liquid phase, 
together with e.g. the 50% phenyl-polysiloxane phase, may result in a (semi-)orthogonal 
separation of PAHs and methyl PAHs in one GC×GC run. 
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The ionic liquid SLB-ILPAH column and the high phenyl content 50% phenyl-
polysiloxane column both show better thermal stability with less bleeding compared to 
that of the phenyl arylene “low bleed” column. This low bleeding is an asset for GC×GC 
because often, more polar columns are used, which show higher bleeding. 
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polycyclic aromatic hydrocarbons 
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compounds in rubber matrices
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Recycled crumb rubber (CR) is rich in compounds with unrecognized toxic 
potency; this study aims at the development of an analytical method that would 
allow identification and quantification of a very wide range of organic compounds 
extractable from the complex rubber matrix. 
The analytical set-up includes target analysis of polycyclic aromatic hydrocarbons 
(PAHs) and methyl-PAHs and suspect screening of raw extracts by GCxGC-MS 
to tentatively identify primary organic compounds present, but not included in 
the standard target analysis of recycled rubber, followed by analytical method 
development and target analysis of identified compounds. Analysed samples 
included weathered and new CR originating from football turf granulates, rubber 
mats, and end-of-life car tires (ELTs). 
The developed analytical method involves sonication extraction, followed by solid 
phase extraction (SPE) fractionation that enables simple and efficient separation 
of analytes with broad polarity scale. The application of SPE fractionation resolves 
coelution problems and simplifies the chromatograms. This analytical approach 
allowed to identify and quantify 46 sample specific compounds, including several 
heterocyclic PAHs like 2-methylthiobenzothiazole, benzonapthothiophenes, 
benzonaphthofuranes and aromatic amines like diphenylamine and N-phenyl-2-
naphthylamine, which to our knowledge were not determined before. The PAHs 
concentrations determined in CR tiles purchased in Dutch and Spanish shops 
exceed the EU limits for articles marketed for use by the public. Furthermore, sets 
of methylated PAHs, dibenzothiazoles and aromatic amines were identified and 
quantified, and several other compounds were tentatively identified. The obtained 
results stress the need for expanding the list of target compounds analysed in CR 
and the need for longitudinal studies on weathering processes taking place in CR.
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Introduction
Problems with the disposal and recycling of end-life tires (ELTs) have led to the use 
of crumb rubber (CR), originating from recycled ELTs, in consumer products. According 
to the United States Car Tire Manufactures Association1 a new car tire can last as long as 
60 000 km before it is worn out. The tire wear, created during a tire’s life time, is a major 
component of urban runoff2. Because car tires are not biodegradable, the toxicological and 
environmental risks associated with them do not disappear but rather increase when they 
have to be disposed. The traditional method of waste tires management like stockpiling, 
landfilling or illegal dumping, can be a source of possible pollution to groundwaters3–5.  
Car tires consist of a blend of natural rubber and synthetic polymers like butadiene-, 
styrene butadiene- and  halogenated polyisobutylene-rubber (40-60%); fillers like 
carbon black and amorphous silica (20-35%); extender oils (15-20%), often containing 
polycyclic aromatic hydrocarbons (PAHs); stearic acid (1%); zinc oxide (1.5%); sulfur 
(1%); accelerators and anti-degradants (2.2-2.5%)2,6. This last group includes inter alia 
vulcanization additives like different benzothiazoles (e.g. 2-mercaptobenzothiazole 
and 2-2’-dithiobis benzothiazole) or sulphonamides (e.g. N-cyclohexylthiophthalimide, 
2-morpholinothiobenzothiazole), antioxidants (e.g. hindered phenols and secondary 
aromatic amines), anti-ozonants like para-phenylene diamines and plasticizers, tackifiers 
and softeners (e.g. phthalates). Car tires also contain many other unidentified compounds, 
that can be created during vulcanization and manufacturing processes, like different 
heterocyclic and alkylated PAHs, nitrosamines, or other hydrophobic compounds that 
may possibly be adsorbed during its lifetime. 
As stated by the European Tire and Rubber Manufacturers Association7, in 1996, 49% 
of the end-of-life tires in Europe ended up in landfills. Since 1996 more than 24 million 
tons of ELTs have been recovered, either through energy or material recovery, and by 
2015 between 5% and 29% (in 15 “old” and 13 “new” EU member states, respectively) were 
discarded in landfills8. In 2010 about 1.3 million tons of ELTs went into material recovery, 
involving reuse of whole tires in civil engineering applications (erosion barriers, artificial 
reefs, breakwaters, insulation, etc.) or were shredded or reduced to granular or powder 
rubber. Granulated and powdered rubber is used as flooring for playgrounds and sports 
stadiums, as shock absorbing mats for schools and stables, as paving blocks or tiles for 
patios and swimming pools and as roofing materials. Granulated rubber is also widely 
used in the construction of artificial turf on football fields. Recently this last application 
has raised many questions about the potential health risks of hazardous substances 
present in recycled rubber6,9. The hypothesis that playing on synthetic turf can cause 
cancer, particularly lymphoma and leukemia and primary by goal-keepers, was raised 
after football coach Amy Griffin started collecting names of sick players in 200910. 
According to the European Chemical Agency (ECHA) report from 20176, there were 
over 13,000 synthetic turf football fields and 47,000 mini-pitches used for football in 2017 
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in the EU. It is estimated that by 2020 21,000 full-size pitches and ca. 72,000 mini-pitches 
will exist in the EU. These numbers do not include children playgrounds, small practice 
fields, and indoor recreation facilities. 
During the last decade several studies performed worldwide have investigated 
the composition of CR11–13, environmental and health risks directly associated to CR14–18 
and bioaccessibility of the compounds determined in the CR19–22. Most of the studies 
investigating the composition of CR, or the chemicals available for exposure through 
release into air or water, concentrate only on “standard” pollutants like heavy metals, PAHs 
confined to the 16 EPA-PAHs (US Environmental Protection Agency) or 8 carcinogenic 
PAHs (as defined in entry 50 to Annex XVII to REACH23), phthalates, bisphenol-A and 
benzothiazole (BTZ). CR research generally does not include compounds belonging to 
the group of additives and vulcanization agents. Vulcanization accelerators, like inter 
alia 2-methylthiobenzothiazole and 2-morpholinobenzothiazole, benzothiophene, 
dibenzothiophenes and other sulphur containing PAHs (PASHs), have been detected in 
urban runoff24–26 but were not analyzed in CR. Also other rubber-specific compounds like 
sulfenamides27, aromatic amines28 and other toxic rubber additives have until now not 
been listed among the target organic compounds analyzed in CR. Recently Schneider et 
al.29 analyzed a group of „substances suggested by tire manufacturers based on sector-
specific knowledge” and Celeiro et al.30 analyzed a large group of plasticizers, antioxidants 
and vulcanization agents in CR. Previously Perkins et al.14 reported 306 chemicals 
identified in CR, from which 197 met the carcinogenicity criteria set in their computational 
toxicology analysis. 
In 2017, two risk assessment reports prepared by ECHA6 (based on a literature 
study, published in 2017) and by the Dutch National Institute for Public Health and the 
Environment (RIVM)9 (based on the analysis of rubber granulate sampled from 100 Dutch 
football pitches and published in 2017) concluded that there is no significant health 
risk from exposure to CR. According to these reports, the risk of cancer after a lifetime’s 
exposure to the PAHs measured in the European sports fields is negligible. In addition, 
the concentrations of PAHs, phthalates, methyl isobutyl ketone and bisphenol-A are 
below the legal limits set for recycled rubber granules in the EU. It should be pointed 
out, that these legal limits are still under discussion. CR on football pitches is classified by 
the European REACH regulation as a mixture6 and the maximum allowable concentration 
limits for mixtures are set at 100 mg/kg for BaP and DahA (all abbreviations are listed 
in Table 1), and 1,000 mg/kg for the other six, out of the eight carcinogenic ECHA-PAHs 
PAHs; BeP, BaA, CHR, BbF, BjF, BkF. The restriction proposed by the European Commission 
on September 2019 lowers the total concentration limit of eight PAHs to 20 mg/kg31. 
Other maximum tolerance limits apply to shock absorbing mats, used e.g. on children 
playgrounds, in nurseries or sport schools. They fall under the category of rubber consumer 
products and therefore, the applied maximum concentration limit is 1 mg/kg for each of 
eight carcinogenic PAHs23,32. 
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A rubber matrix is very complex and therefore a robust and reliable analytical method 
is needed to determine organic compounds present within it. The aim of this study was 
to develop a method, that could enable the analysis of a much wider set of potentially 
harmful chemicals in CR, than the until now available standardized methods for PAHs. The 
CR samples analyzed in this study consist of rubber granulates collected from artificial 
football fields in the area of Amsterdam (weathered CR) and rubber mats purchased from 
different home improvement stores in the Netherlands and in Spain (new CR). Additionally, 
also three ELTs samples were analyzed to obtain information about the levels of analyzed 
compounds in unprocessed ELTs. These CR and ELTs samples were recently analyzed for 
chlorinated paraffines by Brandsma et al.11. 
The analytical set up of this study includes three steps:
 1. Screening of raw extracts of CR, using two dimensional gas chromatography 
   coupled with Time of Flight mass spectrometry (GCxGC-ToF MS) in order to 
   obtain a broad „chemical picture” of CR and to set up a list of tentatively 
   identified organic compounds for the following target analysis. The 
   screening is based on the list of the suspected compounds, including inter alia 
   vulcanization accelerators, antioxidants and other compounds used in 
   rubber production. This list was set using previous studies14,33 and  technical 
   information34. 
 2. Development and optimization of an analytical method involving extraction 
   of rubber matrix and clean-up of raw extracts.
 3. Target analysis of the compounds selected on the basis on the 
   aforementioned screening using the developed method.
In this ”known unknown” approach we have concentrated on aromatic compounds 
like heterocyclic PAHs, methyl PAHs and other compounds (e.g. aromatic amines) that to 
our knowledge were until now not included in the regular analysis of CR. Additionally, we 
have determined the concentrations of target analytes including twenty parental PAHs 
and three methyl PAHs; 5-methylchrysene, 1-methylpyrene and 2-methylphenanthrene 
(5MCHY, 1MPYR, 2MPHN). 5MCHY is classified by ECHA as suspected of causing cancer 
and 1MPYR and 2MPHN are likely to meet criteria for CMR (carcinogenic, mutagenic and 
reprotoxic) category 1A or 1B. 
Materials and methods
Reagents and materials
Information about standards, chemicals and suppliers is provided in the Supporting 
Information of this manuscript. The list of the studied compounds, their chemical names 
and abbreviations, is given in Table 1.
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Sample collection
In total 21 samples were included in this study: ten rubber granulates collected from 
ten artificial soccer fields in the area of Amsterdam, The Netherlands (samples coded 
F1-F10), three end-of-life car tires collected from a garage in Postbauer-Heng, Germany 
(samples coded C1-C3), five new rubber tiles (four purchased in the Netherlands and 
coded T1-T4 and one in Spain; the Spanish tile consisted of two types of crumbs analyzed 
separately and coded S1 and S2) and one weathered rubber tile collected from a school 
playground in Amsterdam, The Netherlands (coded T5). The four rubber tiles (T1-T4) were 
purchased from different Dutch shops; tile T1 was intended for roofing and the other tiles 
were floor tiles. 
Samples coded F1-F9 and C1-C3 were also analyzed for the presence of chlorinated 
paraffins by Brandsma et al.11 and details regarding sampling procedure can be found 
there. 
Car tires and rubber tile samples were cut with a surgical blade into small particles (<3 
mm). All rubber samples were rinsed with mili-Q® water and dried at the room temperature 
prior analysis to remove dust and soil.
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Table 1. Studied compounds, CAS nos. and mass spectrometric information.
No. Name Code CAS Quantification ion (in bold) and identification ions (m/z)
LOD
(ppm)
1 Acridine AC 260-94-6 179, 178, 152 0.01
2 Carbazole CA 86-74-8 167, 166, 139 0.01
3 Dibenzofuran DF 132-64-9 168, 139 0.002
4 Benzo[b]naphtho[2,1-d]furan BN21dF 239-30-5 218, 189, 219 0.01
5 Benzo[b]naphtho[1,2-d]furan BN12dF 205-39-0 218, 189, 219 0.01
6 Benzo[b]naphtho[2,3-d]furan BN23dF 243-42-5 218, 189, 219 0.02
7 Benzothiazole BTZ 95-16-9 135, 108 0.002
8 2-Methylthiobenzothiazole MTBTZ 615-22-5 181, 148 0.004
9 2-Phenylbenzothiazole PBTZ 883-93-2 211, 210, 108 0.02
10 2-Mercaptobenzothiazole MBTZ 149-30-4 167, 109 1
11 Dibenzothiophene DBT 132-65-0 184, 185 0.0006
12 4-Methyldibenzothiophene 4MDBT 7372-88-5 198, 197 0.002
13 2-Methyldibenzothiophene 2MDBT 20928-02-3 198, 197 0.003
14 3-Methyldibenzothiophene 3MDBT 16587-52-3 198, 197 0.004
15 1-Methyldibenzothiophene 1MDBT 7372-88-5 198, 197 0.003
16 4,6-Dimethyldibenzothiophene 46DMDBT 31613-04-4 212, 211, 197 0.002
17 3,6-Dimethyldibenzothiophene 36DMDBT 89816-75-1 212, 211, 197 0.01
18 2,6-Dimethyldibenzothiophene 26DMDBT 1207-12-1 212, 211, 197 0.003
19 Benzo[b]naphtho[2,1-d]thiophene BN21dT 239-35-0 234, 235, 117 0.009
20 Benzo[b]naphtho[1,2-d]thiophene BN12dT 205-43-6 234, 235, 117 0.005
21 Benzo[b]naphtho[2,3-d]thiophene BN23dT 243-46-9 234, 235, 117 0.009
22 N-Phenyl-2-naphthylamine PNA 135-88-6 219, 218, 217 0.01
23 Diphenylamine DPA 122-39-4 169, 168, 167 0.02
24 Naphthalene NAP 91-20-3 128, 108 0.001
25 Acenaphthylene ACY 208-96-8 152, 151 0.001
26 Acenaphthene ACE 83-32-9 154, 153 0.001
27 Fluorene FLU 86-73-7 166, 165 0.001
28 Phenanthrene PHN 85-01-8 178, 176 0.001
29 Anthracene ANC 120-12-7 178, 176 0.002
30 2-Methylphenanthrene 2MPHN 2531-84-2 192, 191, 189 0.003
31 Fluoranthene FLA 206-44-0 202, 203 0.001
32 Pyrene PYR 129-00-0 202, 203 0.001
33 1-Methylpyrene 1MPYR 2381-21-7 216, 215, 213 0.002
34 Benzo[a]anthracene BaA 56-55-3 228, 226 0.01
35 Triphenylene TPH 217-59-4 228, 226 0.008
36 Chrysene CHY 218-01-9 228, 226 0.008
37 5-Methylchrysene 5MCHY 3697-24-3 242, 241, 239 0.008
38 Benzo[b]fluoranthene BbF 205-99-2 252, 253 0.003
39 Benzo[k]fluoranthene BkF 207-08-9 252, 253 0.004
40 Benzo[j]fluoranthene BjF 205-82-3 252, 253 0.003
41 Benzo[e]pyrene BeP 192-97-2 252, 253 0.002
42 Benzo[a]pyrene BaP 50-32-8 252, 253 0.0005
43 Perylene PER 198-55-0 252, 253 0.005
44 Dibenzo[a,h]anthracene DaA 53-70-3 278, 279 0.02
45 Indeno[1,2,3-c,d]pyrene IND 193-39-5 276, 277 0.01
46 Benzo[g,h,i]perylene BghiP 191-24-2 276, 277 0.006
Nos.1-23: target compounds first tentatively identified with suspected target screening and non-
target screening (underlined); nos. 24-46:  target PAHs.  LOD: limit of detection.
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Suspect screening 
Raw extracts of rubber granulates originating from three artificial soccer fields were 
analyzed by comprehensive two-dimensional gas chromatography with Time-of-Flight 
mass spectrometry (Pegasus GCxGC-Tof MS) (Leco, Geleen, the Netherlands), with the 
nominal mass resolution of 1000 for m/z = 1000 (at the 50% of the peak height).  The 
separation was achieved using an RTX-Cl column (30 m/0.25 mm ID/0.25 µm) in the 
first dimension combined with a BPX50 column (10 m/0.1. mm/0.1 µm) in the second 
dimension. The GC-MS analytical details are provided in the Supporting Information of 
this manuscript. The extracts were obtained according to the procedure described below. 
GCxGC chromatograms were analyzed using AMDIS software (Automated Mass 
spectral Deconvolution and Identification System, NIST, version 2.73). Chromatograms 
were deconvoluted using NIST Mass spectral search Program and NIST mass spectral 
database (NIST/EPA/NIH Mass Spectral Library Version 2.0, April 2011).
For suspect screening a list of  compounds was selected a-priori analysis: see Table 2. 
These chemicals were reported in previous tire crumb rubber studies6,14,31.
Furthermore, several additional compounds, represented by the abundant peaks 
resolved in the second dimension, could be tentatively identified with NIST library. The 
tentatively identified compounds were recognized based on NIST library match greater 
than 90%. The list of target compounds was set up by selecting tentatively identified 
heterocyclic PAHs, benzothiazoles, methyl PAHs and aromatic amines and injecting 
available standards to confirm their presence. The list of positively identified compounds 
analyzed in this study is given in Table 1. The positively identified “non-target” compounds 
(not included in the suspect-screening target list) are underlined in Table 1.
Extraction and fractionation procedure
The extraction method was based on the method of Menichini et al.35 with few 
modifications. All extractions were performed in triplicate. Ca. 0.1 g of rubber was spiked 
with a mixture of deuterated PAHs and a mixture of deuterated acridine, benzothiazole 
and dibenzothiophene. Subsequently, the samples were ultrasonically extracted with 
three portions of 2 mL dichloromethane (DCM) and with one portion 2 mL ethyl acetate 
(EtAc). All four extracts were combined, spiked with 1 mL of isooctane and 10% of the 
resulting solution was concentrated under a light N2 flow (final volume ca. 0.5 mL) and 
used for further clean up. After evaporation, the concentrated extracts were fractionated 
on SPE cartridges (Bond Elut SI Normal Phase and BakerbondTM SPE Octadecyl 7020-
06). The clean-up procedure was based on the method described by Ionas et al.36 with 
minor modifications. The SPE cartridges were first conditioned with 6 mL of EtAc and 6 
mL of n-hexane. Organic solvents with increasing polarity were used to elute different 
compounds groups. The elution scheme was as follows: (1) 6 mL n-hexane, (2) 6 mL n-butyl 
chloride, (3) 6 mL DCM and (4) 6 mL EtAc/methanol (1:1 v/v). 
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The four fractions were spiked with 1 mL isooctane. Fractions 1 and 4 were centrifuged 
for 15 min at 17,000 rpm in a Heraeus Biofuge Stratos Centrifuge. The supernatant was 
concentrated under a light N2 flow till the final volume of ca. 0.2 mL. Fractions 2 and 3 were 
concentrated under a light N2 flow, without the centrifugation step. The four resulting 
fractions were analyzed with the GC-MS. 
The SPE method was compared with clean-up procedures based on open column 
fractionation with the following stationary phases: (1) 15 g alumina with 8% H2O,  (2) 15 g 
Florisil,  (3) 7 g activated silica and (4) 2 g silica with 1.5% H2O. The applied elution patterns 
were as follow: (1 and 2) 170 mL pentane, 50 mL DCM; (3) 50 mL pentane, 50 mL DCM, 50 
mL EtAc; (4) 14 mL n-hexane, 10 mL n-hexane with 15% diethyl ether, 5 mL diethyl ether. 
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To check the background levels, procedure blanks were performed with every batch 
of samples.
GC-MS analysis
Analyses were performed on an Agilent 6890 gas chromatograph (GC) coupled to 
an Agilent 5973 Mass Selective Detector. The separation was carried out on a SLB-PAHms 
Supelco column (30 m x 0.25 mm ID x 0.25 µm) purchased from Sigma Aldrich (Zwijndrecht, 
The Netherlands). All injections were performed at 275°C in the pulsed splitless mode 
(pulse pressure: 1.50 bar, pulse time:  0.85 min). The injection volume was 1 µL and the 
oven temperature program was set as follows: isothermal at 90°C for 2 min, then with 
5°C/min to 325°C and kept isothermal for 10 min. The temperatures of the transfer line, 
the quadrupole and the ion source were set to 300°C, 150°C and 250°C, respectively. The 
system was operated by Agilent MSD ChemStation E.02.00.493 software. The MS was 
operating in the total ion current (TIC) mode and in the selected ion monitoring (SIM) 
mode. The TIC mode (mass range: 40-450 m/z) was used for monitoring of non-target 
compounds and the SIM mode was used for identification and quantification of the target 
components. In the SIM mode two or three ions were monitored per compound (see Table 
1) and all target compounds were identified and quantified running GC/MS programs 
with two different SIM programs, separately for PAHs and for heterocyclic compounds. 
For the quantification measurements, calibration standards were daily prepared in 
isooctane and external calibration was performed with every sequence of measurements. 
The limit of detection (LOD) was calculated from the concentration of the lowest standard 
as the concentration giving a signal-to-noise of three (S/N= 3).
Statistical analysis
Principle component analysis (PCA) was carried out using Simca software, Version 
16.0.1 (Sartorius Stedim, Sweden) to visualize trends and patterns of different compounds 
within different samples’ groups.
Results and Discussion 
Screening Analysis
Suspect screening with GCxGC/ToF-MS was done to investigate wide range of organic 
chemicals associated with CR, but not routinely analyzed in CR samples. The screening 
allowed to tentatively identify several compounds present on the suspect’s screening 
list and additionally also several compounds not included in the list (non-target). The 
presence of 21 heterocyclic aromatic compounds (including polyaromatic nitrogen- 
sulfur- and oxygen- heterocycles: PANHs, PASHs and PAOHs), 2 aromatic amines and 3 
methyl PAHs (1MPYR, 2MPHN, 5MCHY) was confirmed by injection of available standards. 
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Additionally, several methyl-PAHs (structural isomers of 1MPYR, 2MPHN and 5MCHY) and 
a suite of dimethyl- (and/or ethyl-) dibenzothiophenes (structural isomers of 46DMDBT 
and two other identified DMDBTs) were also quantified. Moreover, 16-EPA PAHs together 
with TPH, BeP, BjF and PER were identified by target analysis. 
The GCxGC chromatograms of the raw extracts were rich in many coeluting 
compounds and showed the presence of an unresolved complex mixture. Several peaks 
could be tentatively identified based on the NIST library match greater than 90%. We 
should stress out that non-target analysis was not the main goal of this study, as the 
tentative identification was based on low-resolution mass spectrometry (LRMS) with its 
accuracy limitations. We have rather performed suspect target screening and additionally 
several abundant resolved peaks could be tentatively identified and their identity 
could be confirmed by the injection of available standards. The presence of benzo[b]
naphthofurans, benzo[b]naphthothiophenes, alkylated dibenzothiophenes, acridine, 
N-phenyl-2-naphthylamine and 2-methylthiobenzothiazole could be confirmed in all 
samples’ groups. Their abundance in the analyzed samples emphasize their environmental 
and sample-specific significance. 
Many other resolved peaks could be tentatively identified as alkylated PAHs, aromatic 
amines and amides, nitro-PAHs, heterocyclic PAHs, alkylated heterocyclic PAHs and 
halogenated PAHs or halogenated heterocyclic PAHs with NIST MS Search’s Substructure 
Identification program. In addition, different phthalates could be tentatively identified in 
all extracts but these compounds fell outside the scope of this study. This limited screening 
approach shows that comprehensive and reproducible non target screening study37,38 is 
needed in order to better characterize toxic compounds associated with rubber matrix 
and ELT.
Method optimization
The method described here gave the best results for extraction and analysis of several 
heterocyclic aromatic compounds (including PANHs, PASHs and PAOHs), with different Kow 
values, present in CR. Rubber is a very complex chemical matrix and the chromatograms of 
raw, unprocessed extracts are extremely rich in coeluting compounds. The GC-MS target 
analysis of the 10-fold diluted raw extracts did not give satisfactory results, because of the 
coelution of unknown compounds interfering with the target analytes in the SIM mode. 
Therefore, further clean-up was necessary. 
The recoveries for benzothiazole and 2-phenylbenzothiazole obtained on an alumina 
open column were lower than 50% and many heterocycles and thiazoles did not elute 
from a Florisil open column. The recoveries of silica open column procedures gave 90-
110% for all target compounds. Similar recoveries were obtained applying fractionation 
on normal phase silica SPE cartridges, with eluents based on procedure developed by 
Ionas at al.34 for analysis of flame-retardants. Nonetheless, this SPE procedure did not 
provide desired results, like e.g. clear-cut fractions. Fractionation on reversed phase SPE 
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cartridges gave better results and allowed to fractionate more target compounds. Most 
of the heterocyclic PAHs, like PASHs, eluted together with PAHs in the first fraction but 
this procedure allowed fractionation of PANHs: acridine and carbazole could be separated 
from the PAHs and from each other. Carbazole eluted in the second fraction and acridine, 
which is slightly basic compared to carbazole eluted in the fourth fraction. In addition, 
benzothiazole eluted in the second fraction and could therefore be separated from 
analyzed BTZ derivatives and other compounds. The recovery of this procedure was 
also 90-110% for all the compounds. Additional advantages of the SPE method are small 
amounts of used solvents and the convenience in the use of SPE cartridges.
Analytical results 
The samples analyzed in this study, twenty-one in total, were at first divided in three 
groups; rubber granulate from synthetic turf football fields (F), car tires (C) and rubber mats 
(T), but the obtained results revealed that the concentrations found in the samples from 
the Spanish tile were tens or even thousand times higher than in the rest of the analyzed 
samples. The Spanish tile consisted of two types of different CR differing in size and color. 
These two types of CR were analyzed separately and coded as separate group S. The two 
S-samples were 100 times diluted prior clean-up and analysis. The levels of the quantified 
compounds in the remaining three groups; F, C and T, were mutually comparable. The 
medians (used to correct for extreme values)  and the maximum concentrations for all 
groups are given in Table 2. The medians were reported when the substance has been 
detected in at least 50% of the samples. All quantification data from the GC-MS analysis 
are presented in Table S1 in the Supporting Information.
2-Mercaptobenzothiazole (MBZT) could be quantified in only two samples (T3 and 
C2: see Table S1 in the Supporting Information). The LOD of this compound is rather high 
(1 mg/kg; see Table 2) and therefore GC analysis seems less suitable for this compound. 
Quick screening of the samples with Liquid Chromatography - Atmospheric Pressure 
Chemical Ionization - Mass Spectrometry (LC-APCI-MS) confirmed the presence of MBTZ 
in almost all samples (data not presented here). Probably other benzothiazoles suffer from 
the same problem (see Table 2), and were not detected with the GC screening; LC analysis 
may give better results. 
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The levels of the PAHs found in samples F, T and C are comparable to the levels 
presented in the RIVM report9, but the medians of the sum of 8 EPA PAHs in samples F 
and T are, with 9.4 and 8.3 µg/g respectively, substantially higher than the median of the 
pitch concentrations reported in the RIVM report (5.8 µg/g). The PAHs concentrations in 
the F, T and C samples are below the European safety limits for mixtures but above the 
safety limits for consumer products (1 µg/g for the group of 8 carcinogenic PAHs). The 
mats purchased in Dutch shops exceed the EU limits for articles placed on the market for 
use by the public. In case of the Spanish mat (S) the levels are exceeded by even a few 
hundred times, and the concentration of BaP alone (0.3 mg/g) is far above the safety limit 
for mixtures (0.1 mg/g). The Spanish mat, purchased from a home improvement retailer 
with stores in Spain, but also in other EU countries, Asia, South America and Africa, is 
intended for indoor and outdoor use. No other specific characteristics are known.
The extremely high concentrations of PAHs in sample S seems unusual for a ELT-based 
product. The study of Re Paolinin et al.39, where large amount of ELTs of different age and 
origin (European and non-European) was analyzed, reported the values for the ∑8-EPA 
PAHs ranging from 3.85 to 11.76 µg/g.  These values are similar to the values found in this 
study, where the ∑8-EPA PAHs values for the F, T and C samples are respectively 9.4, 8.3 and 
2.5 µg/g, while for the sample S this value reaches 1861 µg/g (see Table 3). 
PAHs in tires originate mainly from highly aromatic (HA) extender oils40. The oil 
content in  car tires is 6-8% of the whole tire mass, 11-16% of the tread and the content 
is much lower in truck tires (4.5% of whole tire, very low in the tread)41. According to the 
CSTEE opinion from 200341 the total PAH content in HA oils is in the range of 300–700 µg/g 
and the estimated maximum total PAHs content in tires reaches 112 μg/g. Although this 
document does not specify which PAHs belong to the “total PAHs content”, it is plausible 
to assume that this term refers to the group of 16 EPA PAHs.  
The BaP concentration in ELTs ranges between 1 and 16 µg/g (average 5 µg/g)41, while 
this concentration in the S sample reaches 284 µg/g. The concentrations of PAHs found 
in the Spanish paver are thus highly above the concentrations typical for car tires. It is 
possible, that the paver contains PAHs originating from sources different from car ELTs, like 
tar coating. The PAHs concentrations in sample S are in the range of the concentrations 
found in coal-tar-based seal coats (CTBS), where the sum of 16 EPA PAHs (∑16-EPA) 
reaches 66 mg/g42 (in this study ∑16-EPA=6.5 mg/g rubber). Coal tar pitch, a distillation 
product of coal tar, is used as a binder in coatings for roofing and paving (e.g. CTBS) and 
the ∑16-EPA reaches in pure CTP 294 mg/g43. In the previous study of Llompart et al.44 
different CR samples originating from Spanish playgrounds were analyzed together with 
purchased CR mats samples. Five of these examined samples contained very high PAH 
levels, comparable with those found in the present study for sample “S”. All these samples 
were purchased from the same retailer but in different years; namely in 2012 (the 5 tiles 
analyzed by Llompart et al. in 201344)  and in 2018 (sample S analyzed in this study). 
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Next to the parental PAHs also methyl PAHs were determined. Several groups of 
methylated PAHs were tentatively identified by suspect-screening and three methylated 
PAH groups (MWs= 192, 216 and 242) were quantified. It should be noted that the group 
of PAHs with MW=216 (C17H12) might consist of methylated pyrenes and fluoranthenes as 
well as benzofluorenes; the mass spectra of these isomers are very similar. 
Lately, alkylated-PAH, particularly methyl-PAHs, are getting more attention because of 
their ubiquity and toxicity, the latter sometimes higher than that of the parental PAHs45,46. 
The concentrations of the three methyl PAHs isomers 5MCHY (possibly carcinogenic to 
humans; one of the PAHs included by US EPA in the Toxic Release Program47), 1MPYR and 
2MPHN were determined in this study. Several structural isomers were also identified 
and their concentrations were calculated using the chromatographic responses of these 
three identified methylated PAHs. 5MCHY could be detected in many samples but it could 
not be quantified because of coelution with other methylated isomers. 5MCHY could be 
quantified in the S samples resulting in a concentration of ca. 10 µg/g.  
The results presented here show that the three groups of methylated PAHs have a 
substantial contribution to the sum of all quantified PAHs (see Fig.1A); the determined 
methyl PAHs make up for 20-40% of all measured PAHs. In case of the Spanish tile (S) 
all quantified PAHs make up for almost 1% w/w (ca. 9 mg/g) of the whole tile. This tile 
shows not only much higher concentrations, but also the pattern of the determined PAHs 
differs significantly from the F, T and C samples: e.g. phenanthrene makes up for 21% of 
all quantified PAHs (see Figure 1A, whereas the group ∑MW=178 PAHs consists almost 
completely of phenanthrene). The percentages of ∑MW=178 PAHs are significantly lower 
in case of the three other sample groups; tiles (T) consist for 6.4% of phenanthrene (mainly) 
and anthracene and the percentages in C and F are lower. Sample S contains a relatively 
small fraction of methylated PAHs with MW=242 (5.4%); while these percentages are the 
highest for samples F and C, exceeding 26% (Figure 1B). These differences in PAHs’ profiles 
support the assumption concerning the different origin of PAHs present in the Spanish 
tail.
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Figure 1. Profiles of PAHs (A), and  PASHs and benzothiazoles (B) observed in turf rubber 
granulate (F), tiles (T), Spanish tile (S), car tires (C).     
Profiles of PAHs (C), and PASHs and benzothiazoles (D) depicted per sample group: ∑128-166: 
NAP, ACY, ACE, FLU; ∑178: PHN, ANC; ∑192: ∑methyl-178; ∑202: FLA, PYR; ∑216: ∑methyl-202; 
∑228: BaA, TPH, CHY; ∑242: ∑ methyl-228; ∑252: BbF, BkF, BjF, BeP, BaP, PER; ∑276: IND, BghiP; 
278: DahA.
Principal component analysis (PCA) allowed to distinguish three sample clusters: S, 
F and a cluster comprising T and C (see Figure 2). Extremely high concentrations found 
in samples S shift them far away on PC1. Clusters T+C and F are different based on PC2. 
This shift on PC2 is due to the patterns of the measured compounds. The loading of the 
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Figure 2. Principle Component Analysis: (A) Scores and (B) Loadings. 41 variables and 21 
observations in four classes: rubber granulate from football fields (F-green), tiles (T-blue), 
Spanish tile (S-red), car tires (C-yellow).
In general, the concentrations of all determined compounds are higher in samples T 
in comparison to F and C (see Table 3 and Table S1 for the detailed results).  However, the 
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order of concentrations is different between the compounds, what is depicted in Figures 
1C and 1D. 
The profiles of samples T and C show the best resemblance (see the profiles of 
analyzed PAHs and PASHs in Figures 1A and 1B). These differences between samples F 
and T+C may be explained by weathering of the football pitch samples. This hypothesis 
can be supported by setting the percentages ratios of C/F and T/F against the Kow of the 
measured PAHs (this value is increasing with increasing carbon amount); see Figure 3. The 
ratios of C/F and T/F are decreasing, which indicates enrichment of heavier PAHs (with 
higher Kow) in weathered CR samples (F).
 
Figure 3. Ratios of the percentages of PAHs C/F and T/F plotted against the Kow of the measured 
PAHs.
Acridine and carbazole, suspected carcinogens, could be identified in majority of the 
tile samples (T and S) and in a few weathered football field samples. Azarenes, like acridine, 
are more water soluble and more mobile than homocyclic PAHs with similar molar masses. 
Consequently, they can be faster transported to the ground water. The concentration of 
BTZ in rubber turf (F) is lower than in car tires (C) and much lower than in tiles (T). In case 
of DBT and alkylated DBTs, compounds with Kow values higher than BTZ, the differences 
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are not so big. It is also worth noticing that the rubber turf samples (F) contain relatively 
more benzo[b]naphthothiophenes and benzo[b]naphthofurans than the mats samples. 
These compounds have high Kow values (above 5) and to our knowledge have not been 
determined in CR samples before. 
These findings emphasize the need for longitudinal studies on vaporization, leaking, 
degradation, sorption and other weathering processes taking place in CR. The RIVM study9 
reported slightly higher concentration of PAHs measured in new pitches compared to 
older pitches; this could also indicate leaching, evaporation or degradation.
The applied analytical method allowed identifying and quantifying two aromatic 
amines: diphenylamine (DPA) and N-phenyl-2-naphthylamine (PNA). All injected samples 
also showed the presence of a huge peak that was identified by the NIST library as N-1,3-
dimethylbutyl-N’-phenyl-p-phenyldiamine (6PPD). Due to the absence of a standard 
we could unfortunately not confirm this one, but this compound was also identified 
and quantified in the ERASSTRI study published in 202029. A recent study of Tian et al.48 
showed that 6PPD-quinone present in roadway runoff is highly lethal to Coho salmon. 
6PPD-quinone is produced when 6PPD, the primary antioxidant used in rubber tires, 
reacts with ozone and prevents rubber cracking. PNA, a suspected carcinogen according 
to ECHA, which can be metabolized to the carcinogenic β-naphthylamine49,  is present 
in the T samples (median ca. 10 µg/g) in and in lower concentrations in rubber turf (F). 
To our knowledge PNA and DPA, have not been determined in CR before. PNA and 6PPD 
are common antioxidants used in the rubber production and their presence was also 
tentatively confirmed in a suspect-screening in the latest study of US EPA33, but they were 
not quantified in that study. 
Conclusion
The developed analytical method based on sonication, SPE and GC/MS analysis gave 
the best results for extraction and analysis of a wide suite of aromatic compounds (including 
PAHs, heterocyclic PAHs, aromatic amines, etc.) present in recycled rubber. 21 heterocyclic 
aromatic compounds, two aromatic amines and several methylated PAHs together with 
the 16 EPA PAHs and TPH, BeP, BjF and PER were identified and quantified in CR samples 
originating from football pitches, rubber tiles and car tires. Several of these compounds, 
like benzonapthothiophenes, benzonaphthofuranes, 2-methylthiobenzothiazole, 
diphenylamine and N-phenyl-2-naphthylamine, have not been determined in CR before. 
The results showed that PAHs concentrations in several samples are below the 
European safety limits for mixtures, but above the safety limits for consumer products. 
The mats purchased in Dutch shops exceed the EU limits for articles placed on the market 
for use by the public. In case of one sample, the Spanish mat, these limits are exceeded 
even a few hundred times. The PAH results presented here show that the methylated PAHs 
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have a substantial contribution to the sum of all quantified PAHs: the determined methyl 
PAHs make up for 20-40% of all measured PAHs.
The obtained results stress the need for expanding the list of target compounds 
analyzed in CR and rubber playground tiles. Proper toxicological risk assessment of 
recycled rubber used in consumer products cannot be based on a limited set of target 
analytes alone, while ignoring many other hazardous compounds present in CR. The 
limited screening approach, applied in this study, shows that comprehensive non-target 
screening study is needed in order to better characterize toxic compounds associated 
with rubber matrix and ELT.
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Chemicals
Dichloromethane, ethyl acetate, n-hexane and methanol were purchased from 
Biosolve (Valkenswaard, The Netherlands), toluene was purchased from VWR (Amsterdam, 
the Netherlands), isooctane was purchased from Merck (Darmstadt, Germany) and n-butyl 
chloride was purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). 
All standards and deuterated standards (acridine-d9, benzothiazole-d4 and 
dibenzothiophene-d8) were purchased from Campro Scientific (Veenendal, The 
Netherlands).
Silica gel high-purity grade, pore size 60 Å, 200-425 mesh particle size was purchased from 
Sigma Aldrich (Zwijndrecht, The Netherlands), MP EcoChrom™ Alumina (Activity Super) 
and Florisil® 30-60 mesh were purchased from VWR (Amsterdam, The Netherlands)
GCxGC method
The analysis was performed on GCxGC ToF-MS Leco Pegasus IV system using a RTX-
CL-Pesticides column (Restek 11123;  10 m x 0.25 µm ID, 0.25 mm film thickness) in the first 
dimension coupled with BPX-50 column (Restek 0547401; 1 m x 0.1 mm ID, 0.1 µm film 
thickness) in the second dimension. The modulation time was 3 sec.
The injection volume was 10 μl in solvent split mode (T=20°C). The oven temperature 
program was set as follows: isothermal at 20°C for 0.5 min, then with 6°C/min to 280°C and 
kept isothermal for 20 min. 
The MS acquisition parameters:
 - Interface temp 280°C,
 - Source temp 250°C,
 - 200 scans/s.
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Table S1. Part 1: concentrations  of target compounds in samples F.
AV = average;   RSD= relative standard deviation; 
conc. in ug/g rubber
AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD
Naphthalene 0.5 0.5 3 0.5 6 0.4 17 0.5 9 0.5 6 0.9 90 0.6 17 0.6 3 0.3 16
Acenaphthylene 0.1 0.2 7 0.1 6 0.1 19 0.2 6 0.2 2 0.1 8 0.5 5 0.2 9 0.1 19
Acenaphthene 0.1 1 0.7 3 0.1 2
Fluorene 0.1 19 0.1 10 0.2 1 0.9 1 0.2 1 0.1 9
Phenanthrene 0.7 0.6 1 2.3 8 0.6 15 2.9 1 0.6 5 0.6 5 6.3 3 3.6 3 1.1 9
Anthracene 0.1 0.5 1 0.8 7 0.1 14 1.0 4 0.2 1 0.4 2 0.7 1 1.3 4 1.0 9
2-Methylphenanthrene 0.5 1.6 3 2.6 6 0.5 15 3.3 1 0.8 5 1.1 2 2.1 2 3.8 2 3.0 8
∑178-C unknown 1.8 0.3 5 0.4 6 2.1 17 0.5 0.2 0.3 3 0.3 12 7.8 2 0.5 2 0.3 5
Fluoranthene 4.1 3.6 5 6.1 8 4.1 16 5.6 0.3 2.0 2 2.9 4 8.5 3 7.6 1 6.2 8
Pyrene 11 5.9 4 16 7 9.8 13 9.9 2 3.2 2 4.5 6 25 4 16 2 13 12
1-Methylpyrene 0.8 0.7 5 0.7 6 1.1 13 0.9 3 0.6 5 0.5 2 1.0 5 0.8 4 1.0 16
∑202-C unknown 2.8 3.3 3 2.9 5 4.5 13 4.0 2 2.8 2 2.7 5 4.4 2 3.5 3 4.2 11
Benzo[a ]antracene 0.7 1.1 3 0.7 5 0.9 12 1.4 6 1.3 5 0.9 3 0.8 2 1.0 12 1.1 11
Triphenylene 2.7 3.2 2 1.4 7 2.8 11 2.9 3 3.6 3 3.1 2 1.4 4 1.7 1 2.6 14
Chrysene 1.7 2.3 2 1.2 3 1.8 11 2.5 3 2.1 2 2.0 7 1.2 5 1.7 3 2.1 13
5-Methylchrysene
∑228-C unknown 17 18 3 9.8 10 18 10 19 1 22 3 16 3 10 6 12 1 18 12
Benzo[b ]fluoranthene 1.4 2.0 4 0.9 9 1.3 11 2.6 15 2.4 7 1.8 5 1.0 5 1.3 6 1.9 12
Benzo[k ]fluoranthene 0.3 0.4 6 0.2 2 0.3 10 0.7 20 0.6 15 0.4 7 0.3 2 0.3 10 0.3 17
Benzo[j ]fluoranthene 0.4 0.6 3 0.3 7 0.4 8 0.8 11 0.8 9 0.5 1 0.3 5 0.4 8 0.4 11
Benzo[e ]pyrene 2.8 3.3 3 1.8 7 2.8 12 3.4 8 3.6 3 2.9 5 2.0 5 2.2 8 3.1 12
Benzo[a ]pyrene 0.8 1.1 6 0.9 9 0.9 12 1.5 6 1.3 6 0.8 7 1.0 7 1.1 9 1.2 5
Perylene 0.3 0.4 7 0.2 4 0.2 9 0.4 7 0.4 2 0.3 8 0.3 6 0.3 10 0.4 14
Dibenzo[a,h ]anthracene 0.2 7 0.2 17
Indeno[1,2,3-cd ]pyrene 0.7 0.9 4 0.6 7 0.7 12 1.1 12 1.0 5 0.9 4 0.6 3 0.7 3 0.9 4
Benzo[g,h,i ]perylene 4.9 4.9 1 4.0 6 5.7 12 5.2 7 5.4 9 5.1 2 4.2 7 4.1 2 5.5 8
∑8-EPA 8.1 11 4 6.0 6 8.4 11 13 10 12 7 13 5 6.6 4 8.0 8 10 12
∑16-EPA 27 24 5 35 7 27 13 35 6 21 5 21 11 52 5 40 5 35 11
∑PAHs 56 55 4 55 7 59 13 70 5 56 5 48 9 82 4 65 5 67 11
AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD
Acridine 0.2 9
Carbazole 0.2 13 0.3 3 0.2 5
Dibenzofuran 0.1 11
Benzo[b ]naphtho[2,1-d ]furan 0.2 0.6 2 0.5 6 0.4 17 0.7 1 0.4 13 0.4 10 0.4 6 0.6 7 0.6 9
Benzo[b ]naphtho[1,2-d ]furan 0.4 2 0.4 2 0.4 17 0.4 11 0.3 4 0.3 9 0.4 10 0.4 11
Benzo[b ]naphtho[2,3-d ]furan 0.4 4 0.2 1 0.5 3 0.2 7 0.2 6
Dibenzothiophene 0.05 0.04 4 0.2 3 0.04 12 0.2 2 0.0 10 0.05 5 0.5 5 0.3 8 0.1 10
Benzothiazole 4.2 5.3 3 17 1 7.5 8 11 9 5.6 13 6.8 7 40 7 12 2 21 27
2-Methyl thiobenzothiazole 3.6 1.8 12 2.5 16 5.2 4 2.7 8 2.2 28 0.7 6 5.9 8 5.9 14 2.5 15
2-Phenylbenzothiazole 3.1 6.3 8 2.9 8 5.4 10 8.3 4 6.9 6 5.1 8
2-Mercaptobenzothiazole
4-Methyldibenzothiophene 0.3 0.2 7 0.5 4 0.2 25 0.4 2 0.1 8 0.1 25 0.8 3 0.6 4 0.4 9
2-Methyldibenzothiophene 0.1 0.04 10 0.1 3 0.03 13 0.1 2 0.3 5 0.2 12 0.1 5
3-Methyldibenzothiophene 0.2 0.1 4 0.3 7 0.1 15 0.2 5 0.1 9 0.1 6 0.4 2 0.4 9 0.2 6
1-Methyldibenzothiophene 0.3 0.1 8 0.4 3 0.1 17 0.3 1 0.1 7 0.1 7 0.5 7 0.4 5 0.3 5
4,6-Dimethyldibenzothiophene 0.8 1.0 3 1.0 1 0.9 16 0.9 0 0.6 9 0.8 3 1.3 5 1.2 4 1.2 11
3,6-Dimethyldibenzothiophene 2.7 2.9 9 3.0 6 2.7 15 2.7 2 1.8 12 2.5 3 4.2 3 3.7 4 3.8 10
2,6-Dimethyldibenzothiophene 1.7 2.0 1 2.0 3 1.8 13 1.7 1 1.2 11 1.6 3 2.4 4 2.3 5 2.3 11
∑2C-DBT unknown 2.8 2.7 4 3.1 2 3.1 17 2.7 3 1.8 6 2.4 6 4.2 5 3.5 3 3.5 8
Benzo[b ]naphtho[2,1-d ]thiophene 2.5 3.1 4 2.2 2 3.0 18 2.8 3 2.6 12 3.2 13 1.7 4 2.5 11 3.0 18
Benzo[b ]naphtho[1,2-d ]thiophene 0.7 1.0 1 0.6 3 0.8 18 0.8 1 0.8 12 0.9 9 0.4 1 0.7 8 0.8 18
Benzo[b ]naphtho[2,3-d ]thiophene 0.4 5 0.5 6 0.6 3 0.1 7 0.5 6
Diphenylamine 0.5 7 0.4 2 0.9 5 0.4 2
N-phenyl -2-naphthylamine 2.7 5 3.2 7 1.9 19 6.5 7 3.0 11 1.9 8 7.8 2 5.3 49 3.5 5
F6 F7 F8 F9F1 F2 F3 F4 F5 F10
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
turf field 1 turf field 2 turf field 3 turf field 4 turf field 5 turf field 6 turf field 7 turf field 8 turf field 9 turf field 10
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Table S1. Part 2: concentrations  of target compounds in samples T, S and C.
AV = average;   RSD= relative standard deviation; 
conc. in ug/g rubber
AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD
Naphthalene 0.4 12 0.5 0.4 0.3 16 1.9 8 0.3 20 0.2 34 25 5 29 6 0.1 24 0.3 0.3 12
Acenaphthylene 0.8 7 0.9 1 0.7 6 0.8 6 0.5 5 0.5 16 22 7 29 11 0.4 2 0.4 0.6 0.3
Acenaphthene 0.3 5 0.4 2 0.4 4 0.4 5 0.1 8 42 2 42 2 0.3
Fluorene 0.6 4 0.5 5 0.9 4 0.4 3 0.5 2 284 2 281 4 0.5 3
Phenanthrene 3.6 5 3.7 0 4.7 2 4.3 2 3.6 3 2.9 13 1581 4 2101 5 1.2 2 1.5 1.4 1
Anthracene 0.9 5 0.9 2 0.5 9 1.2 1 0.4 10 0.8 8 135 0.1 162 7 0.7 0.6 3
2-Methylphenanthrene 0.9 4 0.8 2 1.0 6 3.6 3 0.7 10 0.8 12 280 1 319 7 0.2 1 0.5 0.6 4
∑178-C unknown 3.0 4 2.9 3 3.3 1 2.4 4 2.2 16 2.5 11 306 2 342 4 0.3 4 2.8 2.0 2
Fluoranthene 6.6 6 6.8 1 8.7 7 7.8 2 6.3 2 6.2 6 1033 4 1546 4 3.2 1 2.0 4.4 3
Pyrene 23 6 22 0 27 5 24 2 20 4 20 5 760 3 1081 4 20 1 4.4 17.9 2
1-Methylpyrene 1.3 11 1.2 2 0.9 3 1.3 6 0.6 15 0.8 11 55 1 56 1 0.2 3 0.7 8
∑202-C unknown 4.1 10 4.2 2 7.7 24 4.8 5 2.9 33 4.7 15 485 2 559 3 0.5 4 1.2 1.5 5
Benzo[a ]antracene 1.0 6 1.0 1 1.1 12 2.9 5 0.4 32 1.1 8 341 3 469 4 0.7 2
Triphenylene 1.6 5 1.6 2 1.4 13 3.5 5 0.5 24 1.3 2 101 2 122 5 0.6 1.0 2
Chrysene 1.4 6 1.5 0 1.4 10 3.3 4 0.5 40 1.6 6 301 2 400 3 0.6 0.8 4
5-Methylchrysene 9.3 1 10 4
∑228-C unknown 13 6 11 16 5.7 14 14 9 7.7 33 7.9 9 455 2 442 3 14 9 6.7 13 12
Benzo[b ]fluoranthene 0.7 9 0.7 2 1.0 11 2.8 6 0.4 8 0.7 12 240 2 338 4 0.0 10 0.1 0.5 3
Benzo[k ]fluoranthene 0.5 5 0.5 3 0.3 19 0.7 7 0.1 8 0.5 4 112 2 153 4
Benzo[j ]fluoranthene 0.6 6 0.7 3 0.4 19 0.8 5 0.3 12 0.7 7 101 1 140 4 0.6 2 0.8 0.6 2
Benzo[e ]pyrene 2.7 5 2.5 2 2.9 13 4.0 6 1.5 4 2.3 6 188 2 261 6 1.1 3 0.8 2.2 4
Benzo[a ]pyrene 1.4 5 1.3 2 1.2 19 2.0 8 0.7 9 1.4 11 235 2 332 4 0.8 5 1.3 6
Perylene 0.9 2 0.3 13 0.9 5 0.9 3 65 2 92 6 1.0 3 1.1 5
Dibenzo[a,h ]anthracene 0.2 8 48 0.5 62 4
Indeno[1,2,3-cd ]pyrene 0.8 2 0.9 4 0.6 18 1.2 7 0.4 9 0.8 11 142 2 205 7 0.5 0 0.3 0.6 6
Benzo[g,h,i ]perylene 4.4 5 4.5 1 4.8 8 4.6 8 3.2 9 4.0 12 151 3 223 8 3.3 4 0.3 6.6 3
∑8-EPA 8.3 4 8.3 2 8.3 14 17 6 4.0 16 8.2 8 1567 2 2155 4 2.5 5 2.3 6.1 3
∑16-EPA 46 6 46 2 54 10 59 6 38 11 41 11 5452 3 7454 5 30 5 11 36 4
∑PAHs 74 6 72 2 77 11 94 5 54 14 63 10 7498 2 9798 5 47 5 24 58 4
AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD AV RSD
Acridine 0.2 16 0.1 1 0.5 6 0.2 10 0.6 12 25 4 44 8
Carbazole 0.2 17 0.5 5 0.3 16 0.4 12 213 2 332 7 0.4 0.4 6
Dibenzofuran 0.1 4 0.3 9 0.3 8 0.2 8 127 1 138 5
Benzo[b ]naphtho[2,1-d ]furan 1.1 2 0.2 1 0.3 5 0.3 9 0.1 23 0.3 10 195 5 245 13 0.2 3
Benzo[b ]naphtho[1,2-d ]furan 0.1 1 0.2 6 0.2 10 0.2 11 82 4 98 12 0.1 3
Benzo[b ]naphtho[2,3-d ]furan 122 5 148 11
Dibenzothiophene 0.3 2 0.3 1 0.4 4 0.3 2 0.3 2 0.1 21 117 2 129 4 0.1 0.1 4
Benzothiazole 114 6 40 2 99 5 54 10 59 16 12 37 65 19 78 11 14 7 113 14 12 13
2-Methyl thiobenzothiazole 1.7 3 1.1 2 2.3 4 1.4 6 1.6 9 2.5 14 34 1 34 1 0.3 14 5.7 0.5 8
2-Phenylbenzothiazole 12 7 9.8 5 9.7 1 9.8 15 10 11 3.8 17 26 3 29 10 8.7 17 23 9.0 5
2-Mercaptobenzothiazole 115 749
4-Methyldibenzothiophene 0.5 2 0.6 0.3 1.0 2 0.5 4 0.4 7 0.4 16 14 7 15 7 0.3 0.6 3
2-Methyldibenzothiophene 0.1 7 0.3 10 0.3 2 0.2 4 0.1 15 0.2 9 9.5 5 9.8 6 0.3 4
3-Methyldibenzothiophene 0.3 4 0.4 2 0.5 3 0.4 6 0.2 5 0.3 10 8.0 4 7.9 3 0.2 0.5 5
1-Methyldibenzothiophene 0.4 4 0.4 0.3 0.7 3 0.4 6 0.3 10 0.2 15 4.7 4 4.6 9 0.1 0.5 3
4,6-Dimethyldibenzothiophene 0.9 5 1.0 2 1.6 7 0.8 2 0.7 11 0.6 12 6.9 2 7.4 7 0.6 1.1 3
3,6-Dimethyldibenzothiophene 2.6 1 3.0 5 4.6 4 2.4 1 1.8 8 1.8 12 37 3 37 10 0.9 3.5 5
2,6-Dimethyldibenzothiophene 1.5 4 1.9 1 2.8 3 1.4 5 1.1 11 1.1 13 12 5 12 10 0.6 2.4 3
∑2C-DBT unknown 3.2 4 3.7 2 5.8 2 3.5 5 3.3 5 2.0 12 16 6 14 11 1.7 17 3.2 4.5 3
Benzo[b ]naphtho[2,1-d ]thiophene 1.4 11 1.3 5 2.1 4 1.3 5 0.7 12 0.7 20 262 3 359 13 0.3 1.2 3
Benzo[b ]naphtho[1,2-d ]thiophene 0.4 10 0.4 3 0.5 3 0.4 9 0.2 17 0.2 17 58 2 79 12 0.3 3
Benzo[b ]naphtho[2,3-d ]thiophene 0.4 7 0.3 12 0.4 10 0.3 11 0.2 11 105 2 150 13 0.2 4
Diphenylamine 2.4 1 4.0 3 4.9 4.3 7 3.2 4 2.7 17 21 1 21 5 2.6 8 2.6 1.9 3
N-phenyl -2-naphthylamine 5.6 4 5.2 13 48 11 17 8.0 4 23 35
C1 C2 C3T3 T4 T5 T6 S1 S2T1 T2
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Discussion 
Analytical techniques and methodologies applied in environmental chemistry are 
developing very rapidly. This development is driven by the growing knowledge about 
chemical complexity of environmental compartments and by the realisation, that so far we 
were able to catch only a small glimpse of this complexity. Also the awareness is growing, 
that the changes caused by human actions lead (so far) to often unpredictable effects. By 
the production of industrial chemicals or during waste incineration harmful compounds, 
like PCDDs, PCDFs and polychlorinated naphthalenes, are created and released 
unintentionally. The above mentioned three groups of POPs are listed in the Stockholm 
Convention on Persistent Organic Pollutants1 but a plethora of others remains unknown. 
Thousands of other harmful compounds can be formed in the environment via natural 
physical-chemical processes, like chemical oxidation or photochemical transformation. 
Several N-PAHs and O-PAHs are formed that way2,3. The presence of unidentified potentially 
toxic chemicals in the environment is concerning, considering that they are often present 
as complex mixtures which can have additive or even synergistic toxic effects.
PACs are a large group of organic pollutants and, despite its richness, only a small 
group of priority PAHs, often still limited to the 16 EPA PAHs, are used for risk assessment 
studies. My PhD research aimed at the development of analytical methods for the analysis 
of PAHs and a much wider suite of related aromatic compounds in environmental matrices. 
Environmental analysis is generally based on targeted monitoring of a defined list of 
chemicals, usually controlled by legislation. This approach allows to apply standardized 
analytical procedures, developed and optimized in order to determine a specified group 
of compounds. However, in this way many other contaminants, like CECs, or simply 
unidentified toxic compounds remain outside the analytical scope. Recent developments 
in analytical methods facilitate the use of more holistic analytical strategies like non-target 
screening. My research concentrated on the analysis of PACs in complex matrices like 
sediment and rubber. Gas chromatography in combination with mass spectrometry was 
the method of choice. 
Chapter 2 presents the results of a non-target screening applied to heavily polluted 
sediment from River Elbe (Germany). The applied procedure involved a broad extraction 
of pollutants with different polarity, followed by fractionation and analysis of the fractions. 
The analysis was performed applying the 2008’s state-of-the-art GCxGC-ToF MS. Several 
hundreds of organic compounds could be tentatively identified in the uncleaned 
sediment, showing the plethora of PACs with a broad polarity range. The study clearly 
indicated that there are many more compounds in river sediment than can be found with 
standardized methods. It is a strong plea for widening the scope of analytical methods to 
enable to determine the hitherto unknown contaminants.
A group of non-priority pollutants present in large quantities and versatility in the 
analysed river Elbe sediment were alkylated PAHs. Methylated PAHs,  like  2-, 5- and 
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9-methylbenzo[a]anthracene and 1-methylchrysene, were identified in an EDA study4 
as ethoxyresorufin-O-deethylase (EROD)-inducers, more potent than benzo[a]anthraces. 
EROD-activity is employed to measure the induction of the CYP1A enzyme and activation 
of the aryl hydrocarbon receptor (AHR). In Chapter 3 a method for the identification and 
quantification of methylated PAHs in a complex matrix like polluted sediment with GCxGC-
MS is presented. The analysis focused on methylated chrysenes, benzo[a]anthracene 
and benzo[c]phenanthrenes, isomers with molecular weight (MW) of 242. This study has 
shown that the relative response factors (RRF) of the individual methylated homologues 
differ. Quantification of methylated PAHs with equal molecular weights as a group using 
the same relative response factor can overestimate or underestimate their concentrations 
and, therefore, the toxicological risk of an environmental sample. The research presented 
in Chapter 3 also compared different column combinations in order to optimize the 
GCxGC method and to obtain the highest orthogonality. The combination of a non-polar 
DB-5 (60 m) column coupled to a polar liquid crystalline LC-50 column (1.5 m) offered the 
best separation of the analysed methylated-PAH homologues.
In the following study, presented in Chapter 4, the separation of 20 parental PAHs 
with MW between 128 and 278 g/mol and 48 alkylated PAHs on three stationary phases 
was compared. A separation obtained on a polar IL column SLB®-ILPAH (Supelco) was 
compared with the separation obtained on conventional columns: a non-polar DB-5ms 
(Agilent) and a semi-polar GC SLB PAHms (Supelco). Due to a different type of interaction 
between the analytes and the stationary phase, the IL column offered an entirely different 
separation pattern with stronger retention of heavier PAHs. The overall separation of 
the isomers on the SLB-ILPAH phase was, however, not as good as that on the other two 
standard columns. Nevertheless, the use of this column in the 2D GC analysis may result 
in orthogonal separation of different PAHs isomers in one GC×GC run. Given the wide 
variety of IL phases that has become available during the recent years, it would be very 
interesting to test other combinations for the analysis of PAHs and methylated PAHs. 
A study on the analysis of PACs and other CECs in a complex environmental matrix, 
represented by recycled crumb rubber (CR), is presented in Chapter 5. CR, obtained mostly 
from recycled end-of-life tyres, presents a potential risk for human and environmental health 
because of the toxic compounds present5–8. This study aimed at designing a robust and 
reliable analytical method that would allow to determine qualitatively and quantitatively 
a broad range of organic chemicals present in CR. The developed method included an 
efficient extraction procedure followed by a solid phase extraction (SPE) fractionation. 
The analytical approach comprised a non-targeted screening of raw extracts followed by 
the developed targeted analysis. This approach allowed to identify and quantify several 
compounds of concern not included in standard target analyses of recycled rubber. 
Improvements, such as the use of different columns or different fractionation methods, 
would possibly enable identification of even more PACs and CECs. Also, analysis of more 
samples, such as one from Spain with a very high level of PACs, would lead to an even 
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better understanding of the risk of rubber and crumb rubber. However, the present study 
already signals the presence of many more compounds of concern in the rubber matrices 
studied. It shows that the discussion on safety of CR should not only be limited to PAHs 
but include a suite of PACs present at substantial concentrations.  
Concluding Remarks, Future Perspectives and 
Recommendations
According to the most recent United Nations Global Chemicals Outlook II, the 
production of some phased-out legacy chemicals of concern has declined significantly, 
but the production of fertilizers and pesticides, pharmaceuticals, perfluorinated chemicals, 
flame retardants, nanomaterials, plastics and other groups of chemicals is increasing in 
many regions9. This same report also warns, that the global chemical production will 
double within the coming ten years. More new compounds in higher quantities enter 
the environment. This is also true for the unintentionally produced compounds, such as 
many PACs. Despite the confirmed high toxicity, until now many of these (e.g. alkylated 
PAHs and oxygenated PAHs), have not received enough attention in risk assessment of 
contaminated sites and materials. The complexity of the current situation is complemented 
by the identification of PACs in new materials. These “sources of emerging concern” are 
associated with rapid development of new technologies (e.g. nanotechnologies) and 
products like building materials, coatings, rubber, packaging (plastics!) or furnishing but 
also with environmental processes like weathering of (discarded) polymers and formation 
of micro- and nano- plastics.
The development of analytical methods and new analytical approaches facilitates 
the identification of sources and contaminants of emerging concern and associated 
toxicological risks. Environmental monitoring requires a more holistic approach 
than a standard methodology based on a target analysis only. A targeted screening 
complemented by a non-targeted screening provides more information and thus 
better insight into the toxicological risks. 2D-chromatography (GC and LC) is becoming 
a standard technique for targeted and non-targeted analysis of complex samples. New 
stationary phases, like those based on IL and metal-organic frameworks (MOF), improve 
separation performances. IL and MOF are very versatile materials that can be task-specific 
designed and modified depending of the chromatographic needs. Different soft ionisation 
techniques together with high-resolution MS and tandem MS make the identification 
of unknowns easier.  However, It is clear, that no single analytical method is suitable for 
analysis of all contaminants and tiered comprehensive approaches are needed. 
Finally, I would like to conclude with the words of Rachel Carson from “Silent Spring”: 
The chemicals to which life is asked to make its adjustment are no longer merely the 
calcium and silica and copper and all the rest of the minerals washed out of the rocks 
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and carried in rivers to the sea; they are the synthetic creations of man’s inventive mind, 
brewed in his laboratories, and having no counterparts in nature.
6
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Summary
Polycyclic aromatic hydrocarbons (PAHs) and numerous related polyaromatic 
compounds (PACs), like substituted PAHs or heterocyclic polyaromatics, are a widespread 
class of organic compounds originating from natural and anthropogenic sources. 
During the last century the impact of anthropogenic sources on the emission of PACs 
has been growing substantially. Nowadays, a rising number of man-made chemicals and 
unintentionally produced compounds enter the environment. Identification of potentially 
harmful compounds poses a serious challenge because environmental samples are very 
complex. Additionally, the „chemical picture” of our environment is changing rapidly. 
Analysis of complex environmental samples with a rich matrix requires efficient and 
robust extraction, clean-up and/or fractionation procedures followed by gas- or liquid- 
chromatographic analysis. Gas chromatography in combination with mass spectrometry 
was the method of choice in my research.
The study presented here focuses on the developments in the environmental analysis 
of PACs with the emphasis on the contaminants of emerging concern (CECs), whereas the 
standard analysis of PAHs still concentrates on the set of so called 16 EPA PAHs, set in 1976. 
This group of regulatory PAHs was occasionally extended by additional PAHs originating 
from other legislative lists (e.g. eight carcinogenic PAHs). 
My research concentrated on the analysis of PACs in complex matrices like sediment and 
recycled rubber. The developed methods combine target analysis, based on a predefined 
list of analytes, and screening analysis, aiming at the identification of unrecognized or 
novel contaminants. These procedures allowed to isolate, identify and quantify a suite 
of non-priority pollutants, predominantly PACs, present as complex mixtures. The 
compounds positively identified (with injection of standards) or tentatively identified 
(with library search) included inter alia a variety of alkylated PAHs, NSO-heterocycles, 
NSO-substituted PAHs, halogenated-PAHs, and others. Although many of the identified 
and quantified PACs do not belong to the priority pollutants, they demonstrated a broad 
range of toxic potentials in several effect-directed analysis ( EDA) studies.  
Environmental samples, like polluted sediments, contain thousands of compounds 
that cannot be chromatographically resolved. In chapter 2, an extract of highly polluted 
sediment from the river Elbe (Czech Republic) was submitted to non-invasive fractionation, 
and analysed by comprehensive two-dimensional gas chromatography (GCxGC) coupled 
with a time-of-flight (ToF) detector (GCxGC-ToF-MS). More than 400 compounds, 
including chlorinated polycyclic aromatic hydrocarbons (PAHs), alkylated PAHs, quinones, 
aminoquinones, dinaphthofurans, and thiaarenes were tentatively identified. Automated 
mass spectral deconvolution and identification system software enabled a spectral 
deconvolution of closely eluting peaks. This procedure delivered, in one run, a wealth 
of information that may be useful for further elucidation of toxicological properties of 
sediment samples.
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In chapter 3, a two-dimensional gas chromatography method was developed 
with which methylated PAHs were quantified in river Elbe sediment. Fourteen 
methylated PAHs (MW=242) could be separated. Twelve of them were identified 
and quantified in river Elbe sediment. The different response factors that were 
established in this study for methylated PAHs with the same molecular weight (242) 
prevents an over- or underestimation of methylated PAH concentrations when using 
the same relative response factor which was done until now.
The use of different columns, acting according to different separation principles, 
in addition to specific extraction and clean-up procedures offers solutions for specific 
targeted analysis. This approach, using GC-columns with different stationary phases and, 
therefore, different separation mechanisms, was applied in the analysis of alkylated PAH 
isomers. The stationary phases used in this research included non-polar and semi-polar 
siloxane-based phases, liquid crystal and ionic liquid phases. Some of these new phases 
like the new ionic liquid stationary phase, 1,12-di(tripropylphosphonium) dodecane 
bis(trifluoromethanesulfonyl)imide (SLB®-ILPAH) intended for the separation of PAH 
mixtures, were studied in chapter 4. This  SLB®-ILPAH column showed a rather  different 
retention pattern compared to the other two columns and, therefore, provided a potential 
for use in comprehensive two-dimensional GC (GC×GC). The ionic liquid column and the 
50% phenyl column showed good thermal stability with a low bleed profile, even lower 
than that of the phenyl arylene “low bleed” column. 
Another highly complex matrix is recycled crumb rubber (CR). Chapter 5 is devoted to 
the development of a method that would allow identification and quantification of a very 
wide range of organic compounds extractable from this complex rubber matrix. Analysed 
samples included weathered and new CR originating from soccer turf granulates, rubber 
mats, and end-of-life car tires (ELTs). The developed analytical method involves sonication 
extraction followed by solid phase extraction (SPE) fractionation. This analytical approach 
allowed the identification and quantification of 46 sample-specific compounds, including 
several heterocyclic PAHs like 2-methylthiobenzothiazole, benzonapthothiophenes, 
benzonaphthofuranes, and aromatic amines like diphenylamine and N-phenyl-2-
naphthylamine, which, to our knowledge, were not determined before. The PAH 
concentrations determined in CR tiles purchased in Dutch and Spanish shops exceed 
the EU limits for articles marketed for use by the public. Furthermore, sets of methylated 
PAHs, benzothiazole derivativers and aromatic amines were identified and quantified. The 
obtained results emphasize the need for including a much wider selection of compounds 
in the analysis and toxicological profiling of CR.
With this research we have gained evidence that the environmental analysis, based on 
targeted monitoring of a defined list of chemicals controlled by legislation, leaves other 
emerging contaminants or simply unidentified toxic compounds outside the analytical 
scope. This omission may limit the toxicological risk assessment of an environmental 
compartment, or a material such as crumb rubber.  The developed analytical methods 
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and new analytical approaches facilitate the identification of contaminants of emerging 
concern, their sources and associated toxicological risks. Environmental monitoring 
requires a more holistic approach than a standard methodology based on a target analysis 
only.
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Samenvatting
Polycyclische aromatische koolwaterstoffen (PAK’s) en een breed scala van verwante 
polycyclische aromatische verbindingen (PAV’s), zoals gealkyleerde PAK’s of heterocyclische 
PAV’s komen wijd verspreid voor en vinden hun oorsprong in natuurlijke en antropogene 
bronnen. De invloed van antropogene bronnen op de uitstoot van PAV’s is in de 20ste eeuw 
aanzienlijk toegenomen. Steeds meer synthetische en ook onopzettelijk door de mens 
geproduceerde stoffen komen in het milieu terecht. De identificatie van het groeiende 
aantal van potentieel schadelijke verbindingen die in het milieu terechtkomen, is een 
serieuze uitdaging. Dat komt voornamelijk door de complexiteit van milieumonsters. 
Bovendien verandert het “chemische beeld” van onze omgeving voortdurend. Analyse 
van complexe milieumonsters vereist efficiënte en robuuste extractie-, cleanup- en/
of fractioneringsprocedures gevolgd door gas- of vloeistof-chromatografische analyse. 
Gaschromatografie in combinatie met massaspectrometrie is de voorkeursmethode in 
mijn onderzoek.
In dit onderzoek worden de ontwikkelingen in de milieuanalyse van een breed scala 
van PAV’s weergegeven, met de nadruk op de opkomende stoffen (‘Contaminants of 
Emerging Concern’- nieuwe zorgwekkende stoffen).  De standaardanalyse van PAK’s is nog 
steeds gebaseerd op de groep van 16 EPA PAK’s. Deze veel gebruikte PAK lijst is in 1976 
vastgesteld door de Environmental Protection Agency (EPA) van de Verenigde Staten. 
Deze groep van genormeerde PAK’s wordt af en toe uitgebreid met PAK’s die afkomstig 
zijn van andere wetgevingslijsten (bijvoorbeeld acht kankerverwekkende PAK’s).
Mijn onderzoek concentreerde zich op de analyse van PAV’s in complexe milieumatrices 
zoals sediment en gerecycled rubber. De ontwikkelde analytische methoden omvatten 
een doelanalyse (target analysis), gebaseerd op een vooraf gedefinieerde lijst van stoffen 
en een screening analyse gericht op de identificatie van nog niet eerder herkende of 
nieuwe verontreinigingen. Deze analytische procedures maakten het mogelijk om 
een breed scala aan niet-prioritaire verbindingen, voornamelijk PAV’s, te isoleren, te 
identificeren en te kwantificeren. De geïdentificeerde verbindingen (geïdentificeerd door 
een injectie van standaarden) of voorlopig geïdentificeerde verbindingen (geïdentificeerd 
aan de hand van de MS-spectra) zijn onder andere gealkyleerde PAK’s, gehalogeneerde 
PAK’s, heterocyclische PAV’s en een groot aantal andere verbindingen. Hoewel veel van de 
geïdentificeerde en gekwantificeerde PAV’s niet tot de prioritaire stoffen behoren, hebben 
verschillende effect-gerichte analyse studies (Effect Directed Analysis) diverse toxische 
effecten aangetoond.
Milieumonsters, bijvoorbeeld vervuilde sedimenten, bevatten duizenden 
verbindingen die niet chromatografisch gescheiden kunnen worden. In hoofdstuk 2 werd 
een extract van sterk vervuild sediment uit de Elbe (Tsjechië) zonder uitgebreide cleanup 
procedure gefractioneerd en geanalyseerd met tweedimensionale gaschromatografie 
(GCxGC) in combinatie met een Time-of-Flight massaspectrometrie (GCxGC-ToF-MS). 
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Meer dan 400 verbindingen, waaronder gechloreerde PAK’s, gealkyleerde PAK’s, chinonen, 
aminochinonen, dinaftylfuranen en thiaarenen werden voorlopig geïdentificeerd. 
Deconvolutie en identificatie van de pieken werd gedaan met behulp van AMDIS 
software – een geautomatiseerd massa spectrale deconvolutie software pakket. Deze 
procedure leverde in één “run” veel informatie over de toxicologische eigenschappen van 
sedimentmonsters.
In hoofdstuk 3 werd een tweedimensionale gaschromatografiemethode ontwikkeld 
voor de kwantificering van gemethyleerde PAK’s. De methode werd toegepast voor 
de analyse van het Elbe sediment. Veertien gemethyleerde PAK’s met het moleculair 
gewicht 242 werden chromatografisch gescheiden. Twaalf van die verbindingen werden 
geïdentificeerd en gekwantificeerd. De kwantificering van de gemethyleerde isomeren 
werd uitgevoerd met gebruik van vastgestelde relatieve responsfactoren. Het gebruik van 
component-specifieke relatieve responsfactoren voorkomt een over- of onderschatting 
van de gemethyleerde PAK-concentraties.
Het gebruik van verschillende GC kolommen met verschillende scheidingsprincipes 
biedt, naast specifieke extractie en cleanup methoden, oplossingen voor een target analyse. 
Deze benadering, waarbij gebruik werd gemaakt van GC kolommen met verschillende 
stationaire fasen, werd toegepast bij de analyse van gealkyleerde PAK-isomeren. De 
stationaire fasen die in dit onderzoek werden gebruikt, zijn non-polaire en semi-polaire 
fasen, vloeibaarkristal fases en een fase gebaseerd op een ionische vloeistof. Sommige 
van deze nieuwe stationaire fasen, zoals de ionische vloeibare (IL) fase bestemd voor de 
PAK analyse, 1,12-di(tripropylphosphonium) dodecane bis (trifluoromethanesulfonyl)
imide (SLB®-ILPAH), werden bestudeerd in hoofdstuk 4. Het retentiepatroon verkregen 
op de SLB®-ILPAH-kolom verschilde sterk van de retentiepatronen verkregen op de twee 
andere, conventionele siloxaan-gebaseerde kolommen. Dat maakt de SLB®-ILPAH fase 
interessant voor de toepassing in GCxGC. De IL kolom en de 50%-fenyl kolom vertoonden 
een goede thermische stabiliteit met een heel laag “bleeding”-profiel, zelfs lager dan “low 
bleed” siloxaan kolommen.
Een andere zeer complexe matrix is rubbergranulaat, gebaseerd op gerecycled rubber. 
Hoofdstuk 5 is gewijd aan de ontwikkeling van een methode die het mogelijk maakt om 
een zeer breed scala aan organische verbindingen in rubbergranulaat te identificeren 
en te kwantificeren. De  geanalyseerde rubbergranulaat monsters waren afkomstig van 
kunstgras  voetbalvelden en rubbermatten. Ook werden oude autobanden geanalyseerd. 
De ontwikkelde analytische methode bestaat uit een sonicatie-extractie gevolgd door het 
fractioneren over een solid phase-extractie (SPE) cartridge. Met deze methode konden 
46 specifieke verbindingen worden geïdentificeerd  en gekwantificeerd. Tot deze groep 
behoren heterocyclische PAV’s zoals 2-methylthiobenzothiazol, benzonaftylthiofenen, 
benzonaftylfuranen en aromatische amines zoals difenylamine en N-2-naftylaniline. Die 
laatste verbinding werd, naar ons beste weten, niet eerder in rubbergranulaat vastgesteld. 
De PAK concentraties in rubbermatten afkomstig uit Nederlandse en Spaanse winkels 
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overschrijden de EU-limieten voor PAK’s in consumentenproducten. Verder werden sets 
gemethyleerde PAK’s, benzothiazol derivaten en aromatische amines geïdentificeerd en 
gekwantificeerd. De verkregen resultaten benadrukken de noodzaak om de groep van 
target stoffen uit te breiden voor een betere toxicologische profilering van gerecycled 
rubbergranulaat.
Met dit onderzoek hebben we kunnen aantonen dat de milieu-analyse, gebaseerd 
op gerichte monitoring met een strak gedefinieerde lijst die alleen stoffen bevat die zijn 
gereguleerd door wetgeving, veel opkomende stoffen buiten beschouwing laat. Deze 
omissie kan de toxicologische risicobeoordeling van milieumonsters of rubbergranulaat 
ernstig beperken. Nieuwe analytische benaderingen en nieuwe analysemethodes maken 
de identificatie van opkomende stoffen, hun bronnen en bijbehorende toxicologische 
risico’s gemakkelijker. Milieumonitoring vereist een meer holistische aanpak dan een 
standaardmethodologie die alleen gebaseerd is op een target analyse van een beperkte 
set van stoffen.
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met een promotor zoals jij.
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Ook wil ik graag alle collega’s van E&H bedanken voor de gezelligheid en de prettige 
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En mijn lieve vriendinnen en paranimfen Ike en Sabrina; dank jullie wel voor alle 
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belangrijk voor mij.
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